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ABSTRACT 
Cubic boron nitride (c-BN) has potential for electronic applications as an electron emitter 
and serving as a base material for diodes, transistors, etc. However, there has been limited 
research on c-BN reported, and many of the electronic properties of c-BN and c-BN 
interfaces have yet to be reported. This dissertation focused on probing thin film c-BN 
deposited via plasma enhanced chemical vapor deposition (PECVD) with in situ 
photoelectron spectroscopy (PES). PES measurements were used to characterize the 
electronic properties of c-BN films and interfaces with vacuum and diamond. First, the 
interface between c-BN and vacuum were characterized with ultraviolet PES (UPS). UPS 
measurements indicated that as-deposited c-BN, H2 plasma treated c-BN, and annealed c-
BN post H2 plasma treatment exhibited negative electron affinity surfaces. A dipole model 
suggested dipoles from H-terminated N surface sites were found to be responsible for the 
NEA surface. Then, Si was introduced into c-BN films to realize n-type doped c-BN. The 
valence structure and work function of c-BN:Si films were characterized with XPS and 
UPS measurements. Measurements were unable to confirm n-type character, and it is 
concluded that silicon nitride formation was the primary effect for the observations. 
Finally, XPS measurements were employed to measure the band offsets at the c-
BN/diamond interface. Measurements indicated the valence band maximum (VBM) of c-
BN was positioned ~0.8 eV above the VBM of diamond. 
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 INTRODUCTION TO CUBIC BORON NITRIDE (C-BN) 
1.1 Introduction 
1.1.1. Background 
 Boron nitride (BN) is a group III nitride that can have either sp2-hybridized or sp3-
hybridized bonds. The two most common phases of BN are hexagonal BN (h-BN), which 
has sp2-hybridized bonds, and cubic BN (c-BN), which has sp3-hybridized bonds. While c-
BN is the focus of this dissertation, it is not uncommon to encounter h-BN when 
synthesizing c-BN. The unit cell structures of h-BN and c-BN, shown in FIG 1.1, are 
hexagonal with lattice constants a = 2.5 Å and c = 6.7 Å [1], and cubic zinc-blende with a 
lattice constant a = 3.6 Å [2], respectively. Analogous to graphite and diamond, h-BN has 
FIG 1.1 Crystal structure of (a) hexagonal boron nitride (h-BN), which has hexagonal structure, and 
(b) cubic boron nitride (c-BN), which has cubic zinc-blende structure. Hexagonal BN sp2-
hybridized bonds with a π bond in between basal planes while c-BN has sp3-hybridzied bonds. 
 
(a) (b) 
 2 
 
three-fold in-plane covalent bonding and inter-planar π bonds (Van der Walls bonds), while 
c-BN has four-fold, tetrahedral bonds [3,4]. Cubic BN shares several similar properties 
with diamond, including: being isoelectronic, having a 1% lattice mismatch with diamond 
[5,6], having a large bandgap reported between 6.1-6.4 eV [7], and having a relatively large 
thermal conductivity of 13 W/cm K [8], compared to other materials. Several properties of 
diamond and c-BN are summarized in Table 1.1. Just like H-terminated diamond, H-
terminated c-BN has been reported to exhibit a negative electron affinity (NEA) surface. 
Additionally, both n- and p-type doping of c-BN has been reported. The NEA surface and 
the doping of c-BN are discussed in detail in the following sections.  
Table 1.1 A list of several properties of c-BN and diamond for comparison [6,7]. These properties 
lend potential for both materials in various applications. 
Properties c-BN Diamond 
Structure Cub F34m Cub Fd3m 
Lattice constant (Å) 3.615 3.567 
Atomic density (cm-3) 1.68×1023 1.77×1023 
Interatomic distance (Å) 1.57 1.54 
Density (g/cm3) 3.48 3.51 
Hardness (GPa) 60-75 100 
Thermal conductivity (W/cmK) 13 20 
Refractive index 2.1 2.4 
Bandgap (eV) 6.1-6.4 5.5 
Breakdown voltage (V/cm) 8×106 107 
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1.1.2 Negative Electron Affinity (NEA) Surface 
The electron affinity of a semiconductor is the difference in energy between the 
vacuum level and the conduction band minimum (CBM). The vacuum level refers to the 
energy of a free electron in vacuum with zero kinetic energy, and the CBM refers to the 
conducting state(s) with the lowest energy. A surface has a positive electron affinity (PEA) 
when the vacuum level is positioned above the CBM. Conduction band electrons need 
additional energy to overcome a barrier, the electron affinity (χ), to be emitted into vacuum. 
The electron affinity contributes to the work function (ϕ) of the semiconductor, which is 
defined as the difference between the Fermi level and the vacuum level. An NEA surface 
is realized when the vacuum level energy lies below the CBM. In this case, electrons 
excited into the conduction band have the ability to be emitted without overcoming an 
FIG 1.2 Energy diagrams showing both positive and negative electron affinities (χ). In 
case (a), the semiconductor has a positive electron affinity (PEA) surface. Electrons 
excited to the conduction band minimum (CBM) have to overcome an additional energy 
barrier to be emitted into vacuum. In case (b), the material has a negative electron affinity 
(NEA). For a surface with an NEA, electrons excited into the CBM can be emitted into 
vacuum without overcoming an additional energy barrier. Thus, a material with an NEA 
surface can have a lower effective work function than it would with a PEA surface. The 
valence band maximum (VBM) is also shown in the band diagram. 
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additional energy barrier. Thus, the work function is effectively decreased since electrons 
require less energy to be emitted. A PEA and an NEA surface are illustrated in FIG 1.2.  
The conditions to realize an NEA surface describe what is referred to as a true NEA, 
as opposed to an effective NEA. A true NEA surface is possible due to a material having a 
large bandgap that places the CBM close to the vacuum level, and a surface dipole strong 
enough to lower the vacuum level below the CBM. The surface terminating atoms can 
induce a dipole across the surface, provided the bonding atoms have different 
electronegativities. If the terminating atom has a lower electronegativity than the surface 
atoms, the surface dipole results in a voltage step across the surface that lowers the energy 
of vacuum. Hydrogen surface termination has been reported to be induce true NEA 
surfaces on diamond and c-BN [9,10,11]. A true NEA surface is independent of surface 
band bending, whereas an effective NEA surface is realized when downward surface band 
bending positions the vacuum level below the CBM in the bulk. In the case of an effective 
NEA, the space charge region at the surface needs to be thin enough that electrons in the 
FIG 1.3 Energy diagrams showing (a) an effective NEA and (b) a true NEA surface. An 
effective NEA is realized when the vacuum level lies below the CBM in the bulk, due 
to downward band bending. A true NEA surface is realized when the vacuum level lies 
below the CBM at the surface, and is independent of band bending. 
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conduction band can be emitted from the bulk into the vacuum [12]. The difference 
between a true and an effective NEA is illustrated in FIG 1.3. 
1.1.3 Doping of c-BN 
Cubic BN is naturally an insulating semiconductor, however n- and p-type doping 
of c-BN has been reported. Elements such as Be [13,14], Zn [15], and Mg [16] have been 
reported to result in p-type doping of c-BN, and in most cases were reported to have 
activation energies EA <= 0.3 eV [17]. For n-type dopants, S [18,19] and Si 
Table 1.2 Summary of results from several studies that reported the dopant concentration and activation 
energy of doped c-BN. 
Type Dopant Doping method Dopant concentration  
(at. %) 
Activation energy 
(eV) 
Ref. 
n-type S Ion implantation 0.2 0.18 [18] 
  Ion implantation 0.04 0.28 [19] 
 Si HPHT (in situ)  0.24 [20,21] 
  Co-sputtering (in situ) 1.0-3.3 1.65-1.17 [22] 
  Ion implantation 0.10-0.12 0.05-0.065 
(van der Pauw)  
0.4 (Hall meas. 
above 470 K) 
[23] 
  Co-sputtering (in situ) 0.02-0.03 0.3 [24] 
  Co sputtering (in situ) 3.3 1.17 [25] 
p-type Be HPHT (in situ) 0.29-0.08 0.26-1.03 [13] 
  Ion implantation 0.1 0.20 [14] 
 Zn Co-sputtering (in situ) 2.0-0.04 0.1-0.3 [15] 
 Mg Co-sputtering (in situ) 2.1 0.1 [16] 
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[20,21,22,23,24,25] have been reported to result in n-type doping. The majority of studies 
of n-type doping reported activation energies of EA <= 0.3 eV [17]. However, there has 
been a limited amount of reported studies that report both dopant concentration and 
activation energy, and the doping was reported to be achieved through in situ incorporation 
during various deposition techniques or through ion implantation.  
Both p- and n-type dopant concentrations varied from 0.01 at.% (1019 cm-3) to 3 
at.%, and the cubic phase was reported to be disrupted when impurity concentrations 
exceed 3 at.% [25]. Work function measurements have not been reported for n-type c-BN.  
However, the low activation energies reported suggest n-type donors could result in low 
work function c-BN films. A summary of reported properties of doped c-BN is listed in 
Table 1.2. Further study is needed to understand the factors critical to achieve controlled 
doping of c-BN films with consistent results.  
1.1.4 Motivation for Studying c-BN 
Originally, the mechanical properties of c-BN (hardness of 70 GPa [26]) drew 
interest for industrial use as cutting and grinding tools. Cubic BN has gained interest for 
electronic applications due to recent advancements with thin film diamond deposition 
techniques and research for electronics applications. These advances include utilizing 
doped diamond films to make diamond based transistors meant for power electronics (high 
current / high voltage) [27], and being utilized as electron emitters in thermionic and photo-
enhanced thermionic emission applications [28,29]. Advances of c-BN synthesis 
(discussed later), the similar properties with diamond, and the ability for c-BN to be both 
 7 
 
n- and p-type doped lend potential for application in the same areas that diamond is being 
considered for. 
In regards to power electronics, the large bandgap of c-BN (6.1-6.4 eV) would 
enable a c-BN based device to block larger voltages compared to GaN (Eg = 3.4 eV [30]) 
and SiC (Eg = 3.3 eV [30]). Another advantage of a c-BN based device is the high thermal 
conductivity (k = 13 W/cm K [8]) makes it easier to extract heat from the c-BN based 
device and allow for higher operating temperatures, compared to GaN and SiC based 
devices (GaN k = 2.3 W/cm K [30], SiC k = 4.5 W/cm K [30]). Since c-BN and diamond 
have similar properties, c-BN/diamond heterostructures have potential for power 
electronics applications and high frequency electronics. Special interface conditions could 
result in a 2D electron gas (2DEG) or 2D hole gas (2DHG) forming at the interface, both 
of which are desired for high frequency devices. However, the band offsets of the c-
BN/diamond interface have not been reported experimentally. One theoretical study 
reported the atomic bonding configuration of the (100) interface played a role in the 
resulting band offsets [31]. Further study, especially experimentally, is needed to probe the 
band offsets and understand how the interface bonding impacts the band offsets. 
Characterizing the c-BN/diamond interface would lend further understanding of c-BN and 
diamond as potential heterojunctions in electronic devices. 
In regards to electron emission applications, nanodiamond films with negative 
electron affinity (NEA) surfaces and n-type donors have been reported to result in low 
work functions of 1.3 eV and 0.9 eV for N- and P-doped films, respectively [28,29]. These 
films were reported to exhibit thermionic emission below 500ºC, and are being considered 
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for electron emitters in thermionic energy conversion (TEC) devices [32]. A TEC device, 
shown schematically in FIG 1.4, converts heat into electricity by heating an electron emitter 
such that thermionic emission of electrons occur. Emitted electrons traverse a gap and are 
absorbed by an electron collector, enabling an electrical current to be generated. Low work 
function diamond films can also be used in a similar photo-enhanced thermionic processes, 
where additional conducting electrons are generated from a solar cell and supplied to the 
diamond for thermionic emission. Cubic BN may have similar potential in electron 
emission applications. N-type c-BN with an NEA surface may exhibit a low effective work 
function and thermionic emission at temperatures similar to that for n-type nanodiamond 
films. Further study is needed to measure the work function and probe thermionic emission 
from n-type c-BN with an NEA surface. 
 
FIG 1.4 A schematic of a thermionic energy conversion 
(TEC) device. The electron emitter is heated such that 
thermionic emission occurs. Emitted electrons will 
traverse the gap (usually a vacuum) to be captured by the 
collector. The flow of electrons will generate a current 
that can power a device, consequently turning heat into 
electricity. 
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1.2. Cubic Boron Nitride Synthesis 
1.2.1 High Pressure High Temperature (HPHT) 
Cubic boron nitride is a synthetic material and the earliest studies of c-BN utilized 
high pressure high temperature (HPHT) techniques to convert h-BN into c-BN. The HPHT 
process mimics the conditions that naturally form diamond in the Earth. A BN specimen, 
usually powder, is loaded into a chamber which applies pressures ranging from 4.5 – 7.5 
GPa and temperatures ranging from 1200-2000ºC [20,21,33]. HPHT methods have been 
reported to result in c-BN crystal sizes on the order of millimeters [20,33,34]. Doping of 
c-BN has also been reported using HPHT methods [35,36], and p-n junctions fabricated 
via HPHT were reported [20,21]. However, the harsh nature of HPHT methods have 
prevented the full realization of the potential for c-BN in electronic applications. 
1.2.2 Physical Vapor Deposition (PVD) 
 Thin film deposition is widely employed in the semiconductor manufacturing 
industry, and thus allows for new avenues of c-BN synthesis suitable for electronic 
applications. Synthesis of c-BN films is achieved using physical vapor deposition (PVD) 
or chemical vapor deposition (CVD). Both methods deposit B and N vapor species on the 
surface of a substrate, such as a silicon wafer, and are performed in a vacuum system. The 
method of vapor generation and/or precursors used to deposit c-BN are different for PVD 
and CVD. It is common for CVD techniques to employ a plasma to allow for new pathways 
of forming c-BN. The c-BN films obtained from PVD and plasma CVD techniques have 
been reported to have some differences, as the plasma CVD and PVD deposition 
mechanism are different. The differences between CVD and PVD methods and c-BN films 
obtained from them are discussed below. 
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Physical vapor deposition refers to techniques which physically generate a vapor 
used to form the desired product. For c-BN deposition, B is usually sputtered using ions or 
electrons, while N2 and Ar gasses are introduced into the chamber to be ionized [37,38]. 
Ion energies ranging from ~100 eV- 1 keV is required to grow c-BN, achieved by either 
by applying an accelerating voltage on the substrate [37] or using a Kaufman type ion 
source [38]. Substrates are heated to several hundred degrees Celsius for deposition. PVD 
methods refer to techniques such as ion beam assisted deposition (IBAD), magnetron 
sputtering, etc. 
Nucleation and growth of c-BN films via PVD methods has been proposed to be 
achieved through subsurface processes such as subplantation [39], thermal spike [40], and 
stress induced-formation [41] driven by ion bombardment. These models describe 
energetic ions that penetrate the surface of the film and are deposited several atomic layers 
below the surface, and the energy dissipated by these ions causes c-BN to nucleate and 
grow below the surface. Kester and Messier proposed a threshold value of the ratio of the 
ion flux to the flux of growth species impacting the surface, above which c-BN growth 
occurs [38]. They suggested that c-BN formation was linked to the amount of momentum 
transferred to the surface via ion bombardment. Some PVD films have been reported to 
exhibit high internal stress (5-20 GPa [42]), which can lead to film delamination, and other 
films were reported to contain an h-BN surface layer [43,44]. Both drawbacks are not 
desirable for c-BN device fabrication. 
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1.2.3 Plasma Enhance Chemical Vapor Deposition (PECVD) Employing Fluorine 
Chemistry 
 For CVD techniques, c-BN deposition is driven by surface reactions of gas phase 
precursors. Zhang et al. reported the effectiveness of plasma enhanced CVD (PECVD) 
employing fluorine chemistry to deposit c-BN among plasma CVD methods [45]. The 
reported technique utilized a mix of Ar, He, N2, H2, and BF3 gasses as precursors, which 
employed fluorine chemistry. The resulting vapor species (both plasma and gas) consisted 
of He+, Ar+, NHx, BFx, F, and H among other species, shown in FIG 1.5 [46]. Substrate 
temperatures that resulted in c-BN growth have been reported to range from 750ºC to 
950ºC [45,47]. An advantage of this approach is that the surface is essentially 100% c-BN. 
Among the vapor species, NHx and BFx were identified to contribute to growth of 
BN [44,48], while F and H were identified as etchant species [49,50]. A growth model for 
FIG 1.5 Vapor species generated from Ar-He-N2-
H2-BF3 precursors during plasma enhanced CVD of 
c-BN films [46]. Ionized species are accelerated 
toward the surface while neutral species diffuse to 
the substrate. 
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PECVD employing an Ar-He-N2-H2-BF3 mix was proposed by Zhang et. al. [44], and 
suggested that B surface sites were terminated by F atoms and N surface sites were 
terminated by H atoms. Abstraction of the terminating atoms through various mechanisms 
would allow for the surface site to bond to a B or N growth specie, allowing BN growth to 
continue.  
 Bias assistance is required to nucleate and grow c-BN when depositing via PECVD 
when employing fluorine chemistry. The applied voltages are typically less than those 
employed in PVD methods which range up to -100 V [51]. The role of the bias in the 
nucleation and growth of c-BN is not well understood, however ion bombardment has been 
suggested to play a critical role in the deposition of c-BN. The critical bias above which c-
BN nucleation and growth occurs depends upon the substrate, and has been reported to 
range from -10 V to -40 V [47,52] for diamond and silicon substrates, respectively. 
 
1.3 Substrates for PECVD Methods 
1.3.1 Silicon 
 Deposition of c-BN has been reported mainly on Si substrates, but it does not grow 
directly on silicon. It has been reported that an h-BN buffer layer grows on the silicon 
substrate, and then c-BN nucleates and grows on the buffer layer. A negative bias of at 
least 40 V [45,47] was applied for c-BN to be deposited. It has been reported that c-BN 
nucleates on an h-BN surface when the basal planes of the h-BN layer are oriented 
perpendicular to the surface [53]. The buffer layer has been reported to vary in thicknesses 
from 5-40 nm, and can be decreased with increased negative substrate bias. 
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1.3.2 Diamond 
 Epitaxial growth of c-BN on polycrystalline diamond has been reported via PECVD 
[54]. However, a critical bias of -10 V has been reported to realize c-BN growth [54]. Also, 
direct growth of c-BN on nano-crystalline diamond via PECVD has been reported [55]. 
Thus, diamond is a suitable substrate for epitaxial growth of c-BN. 
 
1.4 Focus of This Dissertation 
This thesis is based on using in situ photoelectron spectroscopy (PES) 
measurements to characterize c-BN films, and serve as the basis for proposed physical 
models. Cubic BN films were deposited via ECR MPCVD employing F chemistry. The 
experimental apparatus and measurement/deposition techniques employed in this thesis are 
described in detail in Chapter 2, 3, 4, and 5. This includes ECR MPCVD, x-ray 
photoelectron spectroscopy (XPS), ultraviolet photoelectron spectroscopy (UPS), and 
Fourier-transform infrared spectroscopy (FTIR) among others. 
Chapter 6 is a study based on PES measurements of as-deposited c-BN films, films 
after an H2 plasma treatment, and annealed films after an H2 plasma treatment. 
Measurements were performed to probe the chemical composition, work function, and 
electron affinity. The valence structure, work function, and electron affinity of the films 
were deduced from PES measurements. Additionally, the applied bias during deposition 
was varied and XPS measurements identified the range of applied bias where c-BN growth 
continued. The lower bias threshold was determined by the transition between deposition 
of c-BN to h-BN, and the upper bias threshold was determined the transition between c-
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BN deposition and film etching. The observations are used to further discuss the growth 
mechanism(s) of c-BN films. 
Chapter 7 is a study on incorporating Si into c-BN films to achieve n-type doping. 
The goal of this study was to investigate photo-electron and thermionic emission from n-
type c-BN with an NEA surface. Modeling electron emission can be used to better 
understand the potential for c-BN in electron emission applications. In situ XPS 
measurements indicated Si was incorporated into c-BN films. However, UPS 
measurements indicated n-type doping was not realized. Several possibilities for the 
undoped character of the c-BN are discussed, and it was suggested that silicon nitride 
formation was the likely cause. 
 Chapter 8 reports XPS measurements used to characterize the interface of c-BN 
deposited on polycrystalline diamond. Cross-section transmission electron microscopy 
(TEM) indicated local epitaxial growth of c-BN on diamond. The band offsets at the 
interface were deduced from XPS measurements. The deduced band offsets indicated the 
valence band maximum (VBM) and the conduction band minimum (CBM) of c-BN were 
positioned above the VBM and CBM diamond, respectively. The offsets were compared 
to theoretical calculations of the band offsets to provide insight on the chemical 
composition of the interface. Finally, concluding remarks and outlined future work are 
presented in Chapter 9.
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 INTRODUCTION TO EQUIPMENT AND EXPERIMENTS 
The majority of the research present in this thesis was performed at the Arizona 
State University Nanoscience Lab (ASU NSL). The NSL features a ~20 m long ultra-high 
vacuum transfer line that connects multiple vacuum chambers for deposition, processing, 
and characterization. This enables samples to be transferred between vacuum chambers 
under vacuum for in situ experiments and characterizations. The NSL features several 
photoelectron spectroscopy systems (x-ray & UV sources), a plasma atomic layer 
deposition (ALD) system, an electron cyclotron resonance microwave plasma chemical 
vapor deposition (ECR MPCVD) system, a plasma processing system, and several metal 
sputtering systems among other systems. The UHV transfer line was maintained at a 
pressure on order of 10-10 Torr by multiple cryogenic pumps. Samples that enter the 
vacuum systems are bound by Ta wires to round sample holders made of molybdenum. 
The sample holders enable transport of the sample into any vacuum system connected to 
the transfer line. Samples are loaded into a load lock either to be pumped down to enter the 
transfer line or vented to be removed from the system. Samples are transported via a hand 
cranked, rail mounted cart. 
 The vacuum systems utilized for research discussed in this dissertation are the 
photoelectron spectroscopy (PES) systems and the ECR MPCVD system. The ECR 
MPCVD system is used to deposit BN films and the PES systems are used for in situ 
characterization of films. Through ASU facilities, Fourier transform infrared spectroscopy 
(FTIR) and Rutherford backscattering spectrometry (RBS) were performed ex situ to 
provide further characterizations of films. All the utilized systems and processes relevant 
to their operation are described in detail in the following section. 
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 ELECTRON CYCLOTRON RESONANCE MICROWAVE PLASMA 
CHEMICAL VAPOR DEPOSITION (ECR MPCVD) 
3.1 Microwave Plasmas and Electron Cyclotron Resonance 
Deposition of BN films and plasma processing of samples are performed using 
electron cyclotron resonance microwave plasma chemical vapor deposition (ECR 
MPCVD), which is a plasma enhance chemical vapor deposition (PECVD) technique. This 
technique utilizes gas precursors, microwaves, and electron cyclotron resonance (ECR) to 
generate and enhance a remote plasma by increasing the ion density and ion to atom ratio. 
Microwaves provide an electrodeless method to generate a plasma by having incident 
electromagnetic radiation excite electrons in gas precursors to generate a plasma. 
Microwaves can ionize and dissociate vapor species as well as energize free electrons. 
Vapor species enable chemical reactions to take place in the systems such that growth 
species are deposited onto the substrate. Also, plasmas may allow for additional chemical 
pathways to form growth species that may not be possible with hot filament CVD. 
Electron cyclotron resonance is achieved by applying a magnetic field of a specific 
strength inside the region where the plasma is generated inside the chamber. According to 
the Lorentz force law, a magnetic field will accelerate and induce circular motion for any 
electrons with a nonzero velocity. ECR is realized when the frequency of oscillation of 
electrons matches the frequency of the incident radiation used to generate a plasma, given 
by the relation: 
𝜔𝑐𝑒 = 𝑒𝐵/𝑚𝑒, 3.1 
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where ωce is the frequency of oscillation of an electron, e is the charge of an electron, B is 
the strength of the magnetic field, and me is the mass of the electron [1]. ECR enhances the 
ability of electrons to gain energy from incident radiation since both oscillate in phase. In 
the case for microwave plasmas, 2.45 GHz microwaves are utilized and corresponds to a 
magnetic field of ~875 G needed to satisfy the resonance condition. The region that 
satisfies the resonance condition is referred to as the ECR zone and is an axial surface area 
inside the plasma. 
The amount of energy electrons gain depends upon the mean free path before an 
inelastic collision occurs. ECR energized electrons enhance the plasma by causing 
dissociation, ionization, and excitations of vapor species. The resulting plasma is denser, 
and can range from 1010-1012 cm-3, and has a higher ion/atom ratio [2].  In order to ionize 
vapor species, electrons must travel a specific length to gain sufficient energy to ionize, 
known as the ionization length. The mean free path of electrons mainly depends upon the 
pressure, and at typical processing pressures (on the order of mTorr) is on the order of 10 
cm [3].  
3.2 ECR Chamber 
The ECR MPCVD chamber, shown schematically in FIG 3.1, is a bottom-fed 
reactor that is pumped by a roughing pump backed turbo pump. Precursors and microwaves 
are introduced in the bottom part of the reactor, where an ECR zone and plasma are 
generated. Two ECR magnets are positioned ~30 cm a part on the bottom part of the 
 23 
 
chamber to apply a nonhomogeneous axial magnetic field. The vapor species then travel 
to the upper part of the chamber where a sample is positioned facing downward, toward 
the plasma. Samples are mounted onto a molybdenum sample holder, which is attached to 
the sample manipulator inside the ECR chamber. Behind the sample holder sits a tungsten 
filament and is used to heat samples, and a bias voltage can be applied to the sample relative 
to the rest of the chamber. The ECR magnets are tuned to minimize the reflected microwave 
power while increasing the plasma discharge current across the sample, which was thought 
to correlate with increasing ion extraction from the ECR zone. 
Microwaves are generated using an ASTeX S1500-I microwave power generator 
and introduced into the chamber through a quartz window. Two ASTeX ECR magnets 
(model: ECRM) are used to apply the magnetic field. The pressure inside the chamber is 
monitored by a cold cathode gauge. The sample temperature is calibrated and monitored 
by a Mikron M90 optical pyrometer. A Sorensen Power Supplies DCR 300-1.5B unit is 
used to apply a bias voltage between the sample and the chamber. The plasma discharge 
current across the sample, referred to as the bias current in this work, is monitored by a 
FIG 3.1 Schematic of the ECR 
chamber. Microwaves and precursors 
are introduced through the bottom of 
the chamber. A pair of ECR magnets, 
positioned on the bottom part of the 
chamber, generate a magnetic field to 
enhance the plasma. The plasma 
extends upwards to the sample, which 
can be heated and biased. 
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bench multimeter. The ECR chamber is pumped by a 10” Pfeiffer turbo pump (model: 
TMU 1600), backed by a roughing pump, that maintains a base pressure of 1×10-8 Torr.
[1] J. Asmussen, “Electron cyclotron resonance microwave discharges for etching and thin‐
film deposition”, J. Vac. Sci. Technol. A 7, 833 (1989).  
 
[2] V. Purhoit, “To Study the ECR Plasma Assisted Growth of III-V Nitride (such as GaN) 
and Nanostructures, PhD dissertation”, University of Pune, MAH, India, 2007. 
 
[3] Y. Weng and M. J. Kushner, “Electron energy distributions in electron cyclotron 
resonance discharges for materials processing”, J. Appl. Phys. 72, 33 (1992). 
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 PHOTOELECTRON SPECTROSCOPY 
4.1 General Principles of Photoelectron Spectroscopy 
4.1.1 Energetics and Mechanism of Photoelectron Emission 
Photoelectron spectroscopy (PES) measurements were performed in csitu using 
three systems. The ASU NSL features two x-ray photoelectron spectroscopy (XPS) 
systems, with one having a monochromatic source, and an ultraviolet photoelectron 
spectroscopy (UPS) system. Photoelectron spectroscopy is a nondestructive measurement 
that uses photons with a known energy (wavelength) to cause electrons to be emitted from 
a material through the photoelectric effect. The photoelectric effect, described by Albert 
Einstein, is the process where electrons gain energy by absorbing incident photons with 
sufficient energy to excite the electron to a state not bound to the material. An electron 
spectrometer captures and measures the kinetic energy emitted photoelectrons, giving 
useful information about the probed material. The photoemission process, some of the 
information that can be gathered from measured electrons, and PES systems are described 
in detail in the following section. 
FIG 4.1 Energy diagram of a photo-electron 
being emitted from a semiconductor. An 
electron absorbs a photon and gains hv energy, 
exciting the electron to a state with an energy 
greater than EVAC. Conservation of energy 
allows the binding energy of the initial state to 
be determined from BE = hv – KE – 
ϕANALYSZER. 
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In materials, electrons occupy states which bind them to the material. These bound 
states are associated with energies that are less than the vacuum level energy (EVAC), which 
is the ground state of an electron (with zero kinetic energy) in a vacuum. In order for an 
electron to be emitted from the bound state in the material, it must gain sufficient energy 
to be excited to a state with an energy ≥ EVAC. The kinetic energy (KE) of an electron is: 
𝐾𝐸 = ℎ𝑣 − 𝐵𝐸 − 𝜙𝑆,  (4.1) 
where BE is the binding energy of the initial state, hv is the energy of the photon, and ϕS is 
the work function of the spectrometer [1]. The Fermi level is used as the reference for zero 
binding energy in PES measurements. The photoemission process is illustrated in FIG 4.1. 
Note that the difference between zero binding energy and zero kinetic energy is referred to 
as the work function, ϕ. The work function of a material is defined as the difference 
between the vacuum level, EVAC, and the Fermi level, EF. 
The photoemission process can be understood as a 3 step process described by 
Spicer [2]. First, an electron absorbs an incident phonon which causes the electron to be 
excited to a state with an energy greater than EVAC. Then, the electron is transported to 
surface where it is finally emitted into vacuum. 
4.1.2 Elastic and Inelastic Electrons 
Useful information is gathered from electrons by knowing the energy of the bound 
states they initially occupied in the material. In order to measure the energy of the initially 
occupied states, electrons must reach the spectrometer without inelastically scattering. 
Inelastic scattering changes the kinetic energy of the electron, sometimes by an unknown 
amount. However, some inelastic scattering mechanisms will change the kinetic energy of 
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electrons by a specific amount, resulting in electron energy loss features. These energy loss 
features and information that can be gathered from them are discussed later. Inelastically 
scattered electrons contribute to the background signal and secondary electron peaks. An 
example of contributions from core level (elastic) electrons and from secondary (inelastic) 
electrons in the recorded spectra are show in FIG 4.2. 
The probing depth of PES measurements is limited to a length related to the 
inelastic mean free path (IMFP), which describes the average length an electron travels 
before it is inelastically scattered. The IMFPs for x-ray photoelectrons in a material can be 
estimated by using the TPP-2M equation [3], and are on the order of angstroms or 
nanometers. From the TPP-2M equation, the IMFP of an electron is proportional to its 
kinetic energy, and also depends on the bandgap of the material, material density, number 
of valence electrons per atom/molecule, and the atomic or molecular weight. Since the 
IMFP is proportional to the kinetic energy of the photoelectron, the energy of photons 
generated by the photon source has a significant impact on the probing depth. When excited 
by Al-Kα1 and Al-Kα2 photons (1486.6 eV) during XPS measurements, B and N 1s 
photoelectrons have ~1293 eV and ~1086 eV kinetic energy respectively. As a result the 
IMFPs of B and N 1s photoelectrons are 3.1 nm and 3.2 nm, respectively [4]. By 
FIG 4.2 Illustration of an example 
photoelectron spectrum, showing contributions 
from core level and secondary electrons. Core 
level electrons reach the spectrometer without 
being inelastically scattered. Secondary 
electrons are inelastically scattered, thus they 
are detected over a broad range of kinetic 
energies and contribute to the background 
signal. Modified from Lüth, Solid Surfaces, 
Interfaces, and Thin Films, 5th Ed. (Springer, 
Heidelberg, Germany, 2010), pp. 312. 
Copyright 2010, Springer. 
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comparison, the energy of He I photons (21.2 eV), used in UPS measurements, is sufficient 
to excite valence electrons from BN with the largest kinetic energies being ~20 eV. 
Therefore, the probing depth of UPS measurements is significantly less than the probing 
depth of XPS measurements, and probes on the order of monolayers below the surface. 
Signal attenuation is another factor limiting the probing depth in PES 
measurements. The intensity of collected electrons decreases according to the Beer-
Lambert law: 
𝐼𝑠 = 𝐼𝑜𝑒
−𝑑/𝜆, (4.2) 
where IS is the measured intensity, IO is the original intensity (without attenuation), d is the 
depth below the surface where the electron is emitted from and λ is the attenuation length. 
Approximately 95% signal attenuation occurs when d is 3λ. Typically, it is suitable to 
replace the attenuation length with the IMFP. 
4.1.3 Photo-induced Charging 
An emitted electron will produce an empty state that carries a positive charge, 
referred to as a hole. Holes are produced at the surface of the material during 
photoemission, resulting in a buildup of positive charge on the surface, referred to as photo-
induced charging. Emitted electrons experience the potential induced by positive charges, 
and thus have an energy of:  
 𝐸𝐾 = 𝐸𝐵 − ℎ𝜈 − 𝜙 − 𝑒𝑉𝐶ℎ𝑎𝑟𝑔𝑖𝑛𝑔, (4.3) 
where VCharging is the potential from the photo-induced charging and e is the elementary 
charge. In addition to shifting electron energies, charging can cause distortions in the width 
of recorded spectra, obscuring useful information. An example of spectra collected from a 
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BN film with photo-induced charging effects and with reduced charging effects, shown in 
FIG 4.3, illustrates the distortions observed from charging. Photo-induced charging can be 
reduced in semiconductors by heating the material such that thermal recombination occurs, 
where electrons from the bulk recombine with holes at the surface. If the semiconductor is 
doped, charging can be overcome by having extrinsic charge carriers (electrons or holes) 
compensate the photo-induced charging. For n-type materials, electrons will recombine 
with the holes and fill empty states. For p-type materials, the holes can be conducted away 
from the surface. The recombination rate must be equal to the photoemission rate in order 
to completely overcome charging, which is why doped semiconductors can achieve this 
better than insulating semiconductors. 
4.2 Principles of X-ray Photoelectron Spectroscopy 
4.2.1 X-ray Photon Generation and X-ray Sources 
In XPS measurements, x-ray photon generation is accomplished by bombarding a 
metal anode with energetic electrons. The bombarding electrons have sufficient energy to 
remove core level electrons from atoms. For Al and Mg anodes, x-ray generation occurs 
when L-shell electrons relax to K-shell states by emitting an photon to lower the electron 
FIG 4.3 An example UPS spectra from a c-BN 
film. The cutoffs of the spectra shift and the 
spectral width increases when comparing UPS 
spectra recorded at room temperature and at 
400ºC. Photo-induced charging effects 
dominate the spectra at room temperature, 
whereas the effects are reduced at 400ºC. 
Photo-induced charging effects can distort 
data, obscuring useful information gathered 
from spectra. 
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energy. These relaxations are called Kα transitions and generate x-ray photons. An example 
transition is having a 2p electron relax to a 1s state.  
Common x-ray sources are aluminum (Al) and magnesium (Mg) anodes that 
generate photons in a Gaussian distribution of energies centered at 1486.6 eV and 1253.6 
eV, respectively. Photons with these energies are generated from Kα1 and Kα2 transitions 
[1]. However, additional transitions can occur which generate photons with less energy 
than Kα1 and Kα2 transitions, namely Kα3 and Kα4 transitions. The consequences of these 
additional transitions and their impact on measurements are discussed later. Fortunately, 
the photons generated by additional transitions can be filtered out from photons incident 
upon the probed sample by employing a monochromator. A monochromator selectively 
narrows the range of energies of photons that are transmitted from the anode to the sample, 
preventing transmission of photons generated from undesirable Kα transitions and 
reducing the range of transmitted Kα1 and Kα2 photons from the Gaussian distribution. The 
narrowing of transmitted Kα1 and Kα2 photons narrows the width of measured core level 
peaks, consequently improving the resolution of measurements. 
4.2.2 Core Level Peaks 
The photon energy in XPS measurements is sufficient to cause photoemission of 
core level electrons. Core level electrons have specific binding energies that depend on the 
atom the electron was emitted from, yielding a distinct peak of core level photoelectrons 
in spectra. Core level peaks are analyzed with Gaussian curve fitting to find the binding 
energy of the center of the peak within ±0.1 eV, and estimate the intensity of the peak 
within ±10%. Thus, the peak position of core level electrons are used to identify elements 
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present in the material. The detection limit for an element is ~ 1 at.% concentration and 
XPS measurements typically probe a depth of ~5 nm from the surface, however this 
depends on the IMFP of photoelectrons. 
The nature of chemical bonds in a material may shift the binding energies of 
electrons by a discrete amount. A shift in the core level peak position due to chemical bonds 
is referred to as a chemical shift. As an example, comparing XPS spectra of h-BN and c-
BN has been reported to exhibit a difference in core level positions by 0.8 eV [5]. This shift 
is observed because of the difference valence structure between sp2-hybridized bonds and 
sp3-hybridized bonds. 
In addition to identifying the elements present in the measured specimen, the 
stoichiometry of the probed material can be determined once the normalized intensity for 
each peak is estimated. For instance, the ratio of boron to nitrogen in a BN film is estimated 
from: 
(𝐼𝐵/𝐴𝑆𝐹𝐵)
(𝐼𝑁/𝐴𝑆𝐹𝑁)
, (4.4) 
  
where IX/ASFX is the normalized intensity of a specific element, IX is the intensity of a 
specific element, and ASFX is the atomic sensitivity factor of a specific element. Similarly, 
the stoichiometry can be determined by estimating the fractional component of each 
element from: 
𝐶𝑥 =
(𝐼𝑋/𝐴𝑆𝐹𝑋)
𝛴(𝐼𝑖/𝐴𝑆𝐹𝑖)
, (4.5) 
where CX is the fraction of a specific element in the probed material [1]. 
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4.2.3 Electron Energy Loss Features 
Energy loss features from inelastically scattered electrons can also give useful 
information about the probed material. These features are indicative of specific inelastic 
interactions that change the kinetic energy of photoelectrons by a discrete amount. A 
photoelectron can inelastically interact with valence electrons during transport, resulting in 
the photoelectron losing kinetic energy and the valence electrons occupying an excited 
state. In covalently bonded materials, like BN, atomic orbital wavefunctions overlap to 
form molecular orbital wavefunctions (covalent bonds). Electrons involved the bonding 
can occupy π and/or σ molecular orbitals, and are referred to the kind of molecular orbital 
or covalent bond they occupy. Thus, photoelectrons can excite valence electrons in 
molecular orbitals. The amount of energy needed to excite a valence electron is discrete, 
thus photoelectrons which excite particular valence electrons will have their kinetic 
energies reduced by the same amount. A plasmon is a collective oscillation of charges and 
can result when a sufficient fraction of photoelectrons collectively excite valence electrons. 
The peaks and features resulting from energy loss to plasmons in spectra are referred to as 
plasmon loss peaks. 
FIG 4.4 A B 1s XPS spectrum of h-BN 
showing the core level, π-plasmon, and bulk 
plasmon peaks. The plasmon peaks are the 
result of 1s photoelectrons losing energy 
during transport to the surface for emission 
due to excitations of valence electrons. The π-
plasmon peak indicates the presence of a π-
bond, and the bulk plasmon is indicative of 
inelastic interaction that excites both σ and π 
electrons. 
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 As shown in FIG 4.4, plasmon loss peaks are observed as peaks on the higher 
binding energy side of the core level peak. In the example h-BN spectra, two plasmon 
peaks are observed at ~9 eV and ~25 eV on the higher binding energy side of the 1s peak. 
The first plasmon loss peak is the π-plasmon, attributed to photoelectrons exciting π 
electrons via inelastic interaction. The second plasmon loss peak is attributed to inelastic 
interactions that excite both σ and π electrons in the bulk of the material [6,7]. In general, 
the bulk plasmon is the result of photoelectrons being inelastically scattered by all the 
plasmons formed by valence electrons. A difference between h-BN and c-BN is that h-BN 
has a π-bond, whereas c-BN lacks such a bond. Hence, the presence of the π-bond is 
indicated when the π-plasmon peak is observed in B and N 1s spectra, and is a factor used 
to distinguish the probed material between c-BN and h-BN.  
In addition to losing energy to plasmons, photoelectrons can lose kinetic energy to 
single particle excitations referred to as band-to-band transitions. Some photoelectrons will 
excite single particles to transition from the valence band to the conduction band, and the 
energy lost by the photoelectron is representative of the bandgap. The onset of energy loss 
photoelectrons is the least amount of energy lost by photoelectrons from inelastic 
FIG 4.5 O 1s energy loss spectra from 10 nm 
annealed Al2O3 on Si at 200 ºC. The zero loss 
energy represents the O 1s core level. Ev is the 
valence band maximum; Ec is the conduction 
band minimum; and Eg is the band gap. The 
onset of the bulk plasmon represents the 
minimum energy required for band-to-band 
transitions to occur, and can indicate the 
bandgap of the probed material. Reprinted 
from Yang et al. [9]. Copyright 2014, 
American Vacuum Society. 
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interactions, and is attributed to band-to-band transitions [8]. Thus, the energy loss onset 
relative to the core level peak can be used to estimate the bandgap of the probed material. 
This technique has been employed to estimate the bandgap of ALD deposited Al2O3, shown 
in FIG 4.5, and is in agreement with other bandgap measurements of ALD Al2O3 [9]. The 
same analysis can be performed with c-BN films, but the presence of the π-plasmon in h-
BN spectra obscure the energy loss onset. 
4.2.4 Artificial Peaks 
Some features in XPS spectra are not representative of core level and secondary 
photoelectrons, and are referred to as ‘artificial’ peaks. Satellite peaks observed in spectra, 
shown in FIG 4.6, are the result of photons generated from undesired Kα transitions. The 
intensity undesired Kα transition photons is relatively small compared to the intensity of 
Kα1 and Kα2 photons. For instance, Al-Kα3 photons have 9.8 eV more energy than Al-Kα1 
and Al-Kα2 photons, which results in relatively weak peaks on the lower binding energy 
side of the core level peak [1]. Satellite peaks can be observed in spectra from XPS systems 
that do not employ a monochromatic source.  
FIG 4.6 An example of a satellite 
photoelectron peak in a N 1s spectrum. 
Satellite peaks are the result of additional Kα3 
transitions that yield x-ray photons with more 
energy than Kα1 and Kα2 transitions. As a 
result of being excited by Kα3 photons, for 
example, photoelectrons will be detected ~10 
eV on the lower binding energy side of the 
core level peak. Satellite peaks are considered 
artifacts in spectra. 
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Another type of artificial peaks are called Auger peaks that result from detection of 
Auger electrons. Auger electrons are not photoelectrons, but are electrons emitted as a 
result of relaxing electronic states after photoionization. An empty core level state will be 
present after photoemission, which causes an electron from an outer shell to relax into the 
vacant core level state. The would-be relaxed electron gives the excess energy to another 
outer shell electron, causing spontaneous emission of the second outer shell electron, in 
order to relax into the inner shell state. Using a BN film for example, B and N atoms photo-
emit 1s electrons from the K shell, and 2s or 2p electrons in the L shell will relax to fill the 
vacant K shell state. Another L shell electron will gain the energy lost from the relaxing 
electron which is sufficient to cause electron emission [1]. Auger electrons are identified 
by the shells that are involved in the emission process, so BN films can emit KLL Auger 
electrons. Various types of Auger electrons are shown in FIG 4.7. 
 
FIG 4.7 Diagram of the Auger process on the 
basis of atomic level schemes. A primary 
electron produces a vacancy in the core level 
and the escaping electron is indicated by a 
broken arrow; another electron relaxes from a 
higher shell, core level in (a,b,c) and the 
valence band of a solid (d). The excess energy 
from the relaxing electron is transferred to a 
third electron, which is emitted from the 
material as an Auger electron. Reprinted from 
Lüth, Solid Surfaces, Interfaces, and Thin 
Films, 5th Ed. (Springer, Heidelberg, 
Germany, 2010), pp. 50. Copyright 2010, 
Springer. 
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4.3 Principles of Ultraviolet Photoelectron Spectroscopy 
4.3.1 Ultraviolet Photon Generation and Sources 
Generation of ultraviolet photons for UPS measurements is usually achieved by 
employing a gas discharge lamp. A voltage is applied between an anode and cathode to 
accelerate a current of electrons across a cavity filled with a gas. These electrons gain 
energy from acceleration and through inelastic collisions can ionize gas species, and excite 
neutral and ionized gas species in the cavity. Photon generation occurs when gas species 
relax from excite states. Noble gasses are typically used for UV photon generation, and He 
was employed for UPS measurements presented in this study. Helium discharge can 
generate He I (21.2 eV) and He II (40.8 eV) photons that result from relaxation of excited 
neutral and ionized He atoms, respectively. 
4.3.2 Probing the Valence Structure 
Spectra obtained from UPS measurements probe the valence structure of a sample. 
An example UPS spectra of c-BN is shown in, FIG 4.8, marks several binding energies of 
significant interest, namely the valence band maximum (VBM) and the photothreshold. 
The VBM, the low binding energy cutoff, refers to the states with the highest energy 
(lowest binding energy) occupied in the valence band. The measured value of the VBM is 
referred to in eV below the Fermi level, EF. Note that in UPS spectra of metals the low 
binding energy cutoff refers to the Fermi edge. The photothreshold is the binding energy 
at which no photoelectrons are detected at higher binding energy, and is the high binding 
energy cutoff in spectra. These are energetically the deepest states that source photons (hv) 
can cause photoionization in the probed material. The work function of the material limits 
how deep hv photons can energetically probe. Hence, the difference between the binding 
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energy of the photothreshold and hv below the Fermi level is the work function, ϕ, of the 
probed material. In practice the VBM and photothreshold are deduced by linear fitting of 
the cutoffs. Note that for some samples using He II photons can provide better resolution 
of the low binding energy cutoff than He I photons. 
 It is also worth noting that the VBM and photothreshold can be measured with 
XPS. However, limitations can arise due to photoelectron yield when employing an x-ray 
source instead of a UV source. The x-ray photoelectron yield may be relatively low when 
measuring the position of the VBM, requiring hours of measurements to obtain a spectra 
comparable to UPS measurements. When measuring the photothreshold, the x-ray 
photoelectron yield may produce a flux of photoelectrons beyond the limit of safe operation 
of the spectrometer, and adjustments would have to be made to reduce the signal. Hence, 
UPS may be a better option to measure the position of the VBM and the photothreshold.  
FIG 4.8 Explanation of a sample UPS spectra of c-BN showing the 
physical quantities measured. The valence band maximum (VBM) is the 
low binding energy cutoff and represents the highest states filled by 
valence electrons. The photothreshold (P.T.) is the high binding energy 
cutoff at which electrons at higher binding energies are detected. The 
difference between the binding energy of P.T. and hv yields the work 
function (ϕ) of the material. The spectral width is the range of energies of 
detected electrons. 
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4.3.3 Electron Affinity 
In addition to probing the valence structure, UPS measurements can characterize if 
the probed semiconducting surface has a positive or negative electron affinity, χ. The 
electron affinity is defined as the difference between the conduction band minimum (CBM) 
and the vacuum level, EVAC. The CBM refers to states with the lowest energy electrons can 
occupy in the conduction band. A semiconducting surface exhibits a positive electron 
affinity (PEA) when EVAC lies above the CBM, shown in FIG 4.9. The vast majority of 
semiconducting materials exhibit PEA surfaces. When a material has a PEA surface, 
conducting electrons must overcome an additional energy barrier to be emitted into 
vacuum. This barrier is the electron affinity of the material, and is included in the work 
function of the material. If the bandgap of the probed semiconductor is known, the electron 
affinity for PEA surfaces can be calculated from the UPS spectral width equation: 
𝑊 = ℎ𝑣 − (𝐸𝑔 + 𝜒) = ℎ𝑣 − (𝑉𝐵𝑀 +  𝜙),  (4.6) 
where W is the width of the spectrum, hv is the photon energy, Eg is the bandgap, and χ is 
the electron affinity of the semiconductor surface, VBM is the measured position of the 
VBM, and ϕ is the measured work function. The spectral width is calculated from the linear 
fitted high and low binding energy cutoffs, shown in FIG 4.8. 
 A semiconductor has a negative electron affinity (NEA) surface when EVAC lies 
below the CBM, shown in FIG 4.9. In this case, conducting electrons do not need to 
overcome an additional barrier and can be readily emitted into vacuum. As a result, the 
traditional definition of the work function is not representative of the barrier electrons must 
overcome to be emitted, and instead the effective work function, ϕeff, is defined as the 
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difference between EF and the CBM. Determining if a material exhibits NEA character is 
accomplished by analyzing the spectral width and the presence of a pronounced feature in 
the spectrum. The spectral width for a semiconductor with an NEA surface is: 
𝑊 = ℎ𝑣 − (𝐸𝑔) = ℎ𝑣 − (𝑉𝐵𝑀 +  𝜙),  (4.7) 
where W is the width of the spectrum, hv is the photon energy, and Eg is the bandgap, VBM 
is the measured position of the VBM, and ϕ is the measured work function. Thus, an NEA 
surface is indicated if the measured VBM and ϕ sum to the bandgap of the semiconductor. 
The presence of an intense and sharp secondary peak above the photothreshold has been 
associated with diamond and c-BN films that exhibited NEA surfaces [10,11]. This feature 
is another indicator of NEA character, and is attributed to electrons thermalizing in the 
conduction band prior to emission. 
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4.4 Combined X-ray and Ultraviolet Photoelectron Spectroscopy Techniques 
4.4.1 Band Alignment 
Combining the information obtained from XPS and UPS measurements can lead to 
additional information that can characterize band alignment between two semiconductors 
at the interface of heterostructures. This is possible because the difference in binding 
energy between a particular core level and the VBM of a material is constant. The band 
offsets are determined by measuring the valence band offsets (VBO) of two materials at 
the interface of the heterostructure. The VBO is determined from the equation: 
 𝑉𝐵𝑂 = (𝐸𝐶𝐿 − 𝐸𝑉)𝐴 − (𝐸𝐶𝐿 − 𝐸𝑉)𝐵 + 𝛥𝐸𝐶𝐿  ,  (4.8) 
where VBO is the VBO, ECL and EV are the binding energies of a core level (CL) and the 
VBM of the probed material (Material A or B), and ΔECL is the difference in respective 
FIG 4.9 Energy diagrams showing both positive and negative electron affinities (χ). In 
case (a), the semiconductor has a positive electron affinity (PEA) surface. Electrons 
excited to the conduction band minimum (CBM) have to overcome an additional energy 
barrier to be emitted into vacuum. In case (b), the material has a negative electron affinity 
(NEA). For a surface with an NEA, electrons excited into the CBM can be emitted into 
vacuum without overcoming an additional energy barrier. This is due to the vacuum 
level residing below the CBM, in the bandgap, and assumes no states are present in the 
gap above the vacuum level. Thus, a material with an NEA surface can have a lower 
effective work function than it would with a PEA surface.  
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core level binding energies of Materials A and B. This method was developed by Waldrop 
and Grant [12] for AlN/GaN heterojunction interfactes. In experiments, the VBO at a 
heterostructure interface can be deduced from the following procedure: 
1. Measure the core level and VBM position for Material A (the substrate). This yields ECL 
- EV for Material A. 
2. Deposit a thin layer of Material B on Material A, such that the core level of Material A 
can be detected in XPS measurements. This corresponds to thicknesses < 5 nm.  
3. Measure the core levels of Material A and B, and the VBM of Material B. This yields 
ECL - EV for Material B and ΔECL. 
This process is shown in FIG 4.10, and these quantities are measured using the 
monochromatic XPS system. The advantage is the VBM and core level are measured by 
the same spectrometer / system with a monochromator, instead of comparing XPS and UPS 
results from separate systems. 
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4.4.2 Band Bending 
The band bending at an interface of a doped semiconductor can be measured, 
provided the material bandgap, the doping density, the intrinsic Fermi level of the material, 
and depletion width are known. The position of the Fermi level with respect to the CBM 
or VBM for the doped material (n-type or p-type doping) is calculated from the doping 
density and the position of the intrinsic Fermi level. Knowing the bandgap of the material 
allows one to calculate the position of the VBM if the Fermi level is calculated with respect 
FIG 4.10 Demonstration of how the valence 
band offset (VBO) at an interface between 
Material A and B is calculated from 
measurements. ECL is binding energy of a core 
level and EV is the binding energy of the 
valence band maximum, and ΔECL is the 
difference of core level binding energies of 
Materials A and B. 
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to the CBM. The difference between the measured and calculated position of the VBM is 
the band bending. If ECL - EV is known, the position of core levels can be used to measure 
the band bending. Note that the calculated position of the core level or VBM is for the case 
with no band bending. The quadratic nature of band bending in a doped semiconductor 
needs to be accounted for when the depletion width is on the same order of magnitude as 
the probing depth, and is usually considered only for heavily and degenerately doped 
semiconductors. 
 
4.5 Photoelectron Spectroscopy Apparatus 
4.5.1 Non-monochromatic XPS System 
The first of the two XPS systems utilized for research is a VG Microtech XPS 
system. This system does not feature a monochromator, and employs a dual anode that can 
generate x-rays from Al Kα1 (1486.6 eV) or Mg Kα1 (1253.6 eV) transitions. The chamber 
is kept at a base pressure of ~ 1×10-9 Torr. The spectrometer is a VG microtech Clam II 
energy analyzer that operates at a resolution of ±1.0 eV, and collects electrons with kinetic 
energies ranging from 0 eV to ~ 1keV. Gaussian curve fitting can improve the resolution 
of core level peaks to ±0.1 eV. Measurements performed on clean gold foil are used to 
calibrate this system. 
4.5.2 Monochromatic XPS System 
The second XPS system utilized is a VG Scienta XPS system. The VG Scienta XPS 
system employs a single Al anode (1486.6 eV photons) with a monochromator. The 
resolution of the instrument is rated at ±50 meV. Additionally, the system features a gas 
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discharge lamp that uses He for UPS measurements. The chamber is kept at a base pressure 
of ~ 1×10-9 Torr. Measurements performed on clean gold foil are used to calibrate this 
system. 
4.5.3 UPS System 
The UPS system used for research is a custom built system that features a gas 
discharge lamp, electron spectrometer, amplifier, and the ability to bias the sample. The 
chamber is kept at a base pressure of ~1×10-9 Torr, however the pressure in the system can 
increase by an order of magnitude when the gas discharge lamp is in operation. A bias is 
applied between the sample and the spectrometer to accelerate emitted electrons towards 
the spectrometer, enhancing the collection of low kinetic energy electrons. UV spectra are 
recorded by a VSW HA50 hemispherical electron analyzer controlled by a VSW HAC30 
lens controller. The resolution of the spectrometer can range from 20-500 meV, depending 
upon the pass energy selected for measurements. Typically, pass energies of 10 and 15 eV, 
corresponding to resolutions of ±100 meV and ±150 meV, are employed for UPS 
measurements. Measurements performed on clean gold foil are used to calibrate this 
system. 
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 EX-SITU MEASUREMENTS 
5.1 Infrared Spectroscopy 
Additional measurements were performed ex-situ to further characterize deposited films. 
Transmission/absorption Fourier transform infrared spectroscopy (FTIR) was used to 
identify the phases of BN (c-BN or h-BN) present in deposited films. Sources that generate 
a range of IR photons are classified in accordance with ISO 20473 as near-infrared (NIR) 
that ranges from 0.78-3 μm, mid-infrared (MIR) that ranges from 3-50 μm, and Far-infrared 
(FIR) that ranges from 50-1000 μm. In FTIR measurements, photons are identified by their 
corresponding wavenumber, which is simply: k=1/λ, where k is the wavenumber and λ is 
the photon wavelength. 
An infrared beam consisting of a range of IR photons, depending on the IR source, 
is passed through the substrate and film to a detector. Some infrared photons will excite 
optical frequency vibrational modes in a solid and are thus removed from the detected IR 
beam. Note that a doped semiconductor, such as silicon, can absorb a broad range of IR 
photons to trigger electron inter-band and intra-band transitions involving donor/acceptor 
states, which obscures FTIR measurements. This is because IR photon energies from a 
mid-IR source (~25-400 meV) are sufficient to cause these excitations. FTIR 
measurements can identify the presence of h-BN and c-BN by observing absorptions of 
photons at specific wavenumbers that correspond to characteristic vibrational modes of h-
BN at 1380 cm-1 and  775 cm-1, and 1070 cm-1 for c-BN [1]. 
 FTIR measurements were performed using a Bruker IFS 66V/S FTIR system 
utilizing a globar mid-IR source (also made by Bruker) and a KBr IR beam splitter. The IR 
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light was collected with a DTGS detector operating as a resolution of 4.0 cm-1. 
Measurements were performed under vacuum and the pressure was maintained at 3.75 
Torr. Infrared spectra are collected and processed using OPUS software. 
5.2 Rutherford Backscattering Spectrometry 
Rutherford backscattering spectrometry (RBS) techniques were employed to 
measure the areal density, stoichiometry, and H content of BN films. These techniques rely 
on measuring the energy of He++ ions (α particles) that are accelerated and scatter off of 
nuclei in the sample. For typical RBS measurements, He++ ions are accelerated to 2 MeV 
before backscattering, and the amount of energy the backscattered ion lost depends upon 
the nuclei from which the ion was scattered from. Thus, the presence of specific elements 
are determined by the measured energy of backscattered ions. RBS measurements allow 
for the areal density of atoms to be estimated and from that the total film thickness can be 
estimated, provided the lattice structure of the sample is known. Elastic recoil detection 
(ERD) was used to detect the presence of and measure the H content in BN films. This 
technique uses He ions to forward scatter H atoms out of the film towards a detector. 
Comparison with the areal density from RBS measurements yields the H content relative 
to the film in at.%. 
Resonant nuclear reaction analysis (NRA) was also performed to provide enhance 
measurements that determined the B content in the film, as is common for detection of light 
elements. Incident ions have sufficient energy, referred to as the resonance energy, to cause 
fusion with the element to form a heavier element. The cross section for the nuclear reaction 
can be larger than the cross section of the element in RBS measurements. The heavier 
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element then decays into a lighter element by emitting a particle, and in some cases a high 
energy photon if the nucleus remains in an excited state after the particle is emitted. The 
specific reaction for B was the 11B(α, α)11B reaction [2], where the incident alpha particles 
reaction with B to form C, which then decays back to 11B by emitting an alpha particle. 
The emitted alpha particle is detected to measure the B concentration. NRA measurements 
were employed in this research specifically to calculate the stoichiometry of BN films. 
RBS, ERD, and NRA measurements were performed using He ions generated from 
a 1.7 MeV General Ionex Tandetron accelerator. For RBS measurements, samples were 
oriented 8º from the He beam to avoid channeling. Obtained spectra were analyzed using 
RUMP software to compare simulation with measurements. By finding agreement with 
measurements, RUMP simulations provide quantitative analysis from these techniques. 
5.3 Transmission Electron Microscopy 
 Transmission Electron Microscopy (TEM) was performed on selected 
samples. Specifically, cross-section TEM was performed to probe the crystal structure and 
thicknesses of deposited films. For a selected BN film deposited on Si, TEM was 
performed using the JEOL ARMF200 aberration-corrected transmission electron 
microscope. For a selected BN film deposited on diamond, TEM was performed using an 
FEI Titan 300/80 aberration-corrected, monochromatic transmission electron microscope.
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  IN SITU PHOTOELECTRON SPECTROSCOPIC CHARACTERIZATION 
OF C-BN FILMS DEPOSITED VIA PLASMA ENHANCED CHEMICAL VAPOR 
DEPOSITION EMPLOYING FLUORINE CHEMISTRY 
6.1 Abstract 
Cubic boron nitride (c-BN) was deposited on silicon substrates using electron cyclotron 
resonance microwave plasma chemical vapor deposition (ECR MPCVD) employing Ar-
He-N2-H2-BF3 gas precursors at 780°C. In situ X-ray photoelectron spectroscopy (XPS), 
Fourier transform infrared (FTIR) spectroscopy, and transmission electron microscopy 
(TEM) measurements indicated that c-BN nucleated and grew on a hexagonal boron nitride 
(h-BN) layer that initially formed on the substrate. The minimum and maximum bias 
applied to the sample that yielded c-BN growth was investigated by in situ XPS. Rutherford 
backscattering spectrometry (RBS), elastic recoil detection (ERD), and XPS were 
employed to determine the chemical composition of the produced films, while XPS and in 
situ ultraviolet photoelectron spectroscopy (UPS) were employed to investigate the 
electronic structure of film surfaces. The bandgap of the c-BN films was estimated to be 
6.2±0.2 eV from XPS measurements. In situ UPS measurements indicated as-deposited c-
BN films exhibited a negative electron affinity (NEA). The surface continued to exhibit an 
NEA after H2 plasma treatment performed at 650°C and annealing at 780°C. Analysis of 
surface bonding using a surface dipole model suggests H-terminated N surface sites could 
be responsible for the observed NEA character. 
6.2 Introduction 
Cubic boron nitride (c-BN), which is isoelectronic with diamond, is an sp3 
hybridized zinc-blende structure and has a reported band gap between 6.1-6.4 eV [1,2]. It 
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has been reported that c-BN crystals can exhibit p-type character with Be doping and n-
type character with Si doping [3]. The activation energies reported for Be-doped and Si-
doped c-BN are 0.23 eV and 0.24 eV, respectively [4]. Also, it has been shown that H-
terminated c-BN exhibits a negative electron affinity (NEA) surface [5,6,7]. A surface has 
an NEA when the vacuum energy level lies below the conduction band minimum (CBM). 
Consequently, electrons excited to the conduction band may be emitted into vacuum 
without overcoming an energy barrier. Creating an NEA surface on an n-type material can 
effectively reduce the work function, as shown in recent studies of n-type diamond films 
with NEA surfaces. The low work function of these films (1.3 eV and 0.9 eV for N and P 
doping, respectively) has enabled thermionic electron emission at temperatures below 
500ºC [8,9]. These doped diamond films may be considered for electron emitters and 
collectors in thermionic energy conversion (TEC) devices [10,11]. Considering the 
isoelectronic structure with diamond, the ability to exhibit an NEA surface, and the shallow 
donor level of Si impurities, c-BN may be considered as a candidate for electron emission 
applications, specifically in TEC devices. 
Some of the earliest studies of c-BN utilized high pressure high temperature 
(HPHT) methods to synthesize c-BN crystals [3,4,12,13,14,15]. However, the limited size 
of produced c-BN crystals and the extreme nature of HPHT methods have prevented the 
full realization of the potential of c-BN in electronic applications. As a result, thin film 
synthesis has gained interest to produce c-BN suitable for electronic applications. Synthesis 
of c-BN films has been achieved through physical vapor deposition (PVD) or chemical 
vapor deposition (CVD) techniques, which apparently employ different deposition 
mechanisms. 
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Physical vapor deposition methods typically involve an ion beam process that leads 
to subsurface nucleation and growth of c-BN [16,17,18]. Drawbacks of PVD produced 
films include the presence of an h-BN surface layer [19,20] and high internal stress (5-20 
GPa [21]), which can lead to delamination.  
Chemical vapor deposition refers to techniques that rely on surface reactions of gas 
phase precursors to form the desired material. Among CVD methods, Zhang et al. [22] 
showed the effectiveness of plasma enhanced CVD (PECVD) employing fluorine 
chemistry to deposit c-BN films. Films produced through electron cyclotron resonance 
microwave plasma CVD (ECR MPCVD) have shown resistance to delamination for 
thicknesses up to 3 µm [23], indicating relatively low internal stress. In addition, produced 
films were largely composed of c-BN [24]. 
A key factor contributing to the effectiveness of PECVD methods is employing 
fluorine chemistry. Theoretical calculations indicated that F-termination of B sites can 
improve the stability of the surface [25]. Additionally, employing F chemistry has been 
predicted theoretically and observed experimentally to cause preferential etching of sp2 
bonded BN over sp3 bonded BN, consequently enhancing the c-BN content in the film 
[26,27]. It has also been shown that the gas phase ratio between H and F affects the sp2 BN 
etching rate and the c-BN deposition rate [28]. A growth model for plasma CVD employing 
fluorine chemistry to deposit c-BN films has been proposed by Zhang et al. [20]. They 
reported a N-rich surface after deposition and concluded that B surface sites were 
terminated with F atoms, while N surface sites were terminated with H atoms. The 
terminating F and H atoms are apparently abstracted to continue growth. By comparing 
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experimental findings with theoretical calculations [25,29], NHx and BFx species were 
identified as the primary species that contribute to c-BN growth. 
Investigating the electronic properties of c-BN films will provide a better 
understanding of its potential for electronic applications. In this work we investigate and 
characterize c-BN films produced via ECR MPCVD with fluorine chemistry by varying 
growth time and growth conditions. Additionally, the surfaces of as-deposited c-BN films 
were subjected to an H2 plasma and then annealing. In situ photoelectron spectroscopy was 
performed to study the chemical composition and electronic structure of the film surface, 
while other associated ex situ techniques were employed to determine the physical 
structure, composition, and chemical bonding of the films. 
6.3 Experiment 
6.3.1 Deposition of c-BN Films 
An integrated ultrahigh vacuum (UHV) system maintained at ~5×10-10 Torr 
connects multiple chambers through a ~20 m linear transfer line, allowing for in situ 
growth, processing, and characterization. An ECR-MPCVD chamber was used to deposit 
c-BN films, perform H2 plasma treatment, and anneal films. An XPS system was utilized 
to provide core level analysis of the surface of films, and an ultraviolet photoemission 
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spectroscopy (UPS) system was employed to analyze the electronic structure of the films. 
Once the in situ experiments and measurements were completed, the samples were 
removed and analyzed with ex situ Fourier transform infrared (FTIR) spectroscopy, 
Rutherford backscattering spectrometry (RBS), and transmission electron microscopy 
(TEM) measurements.  
The c-BN films were synthesized in the ECR MPCVD chamber, schematically 
depicted in FIG 6.1. The chamber was kept at a base pressure of 1×10-8 Torr monitored by 
a cold cathode gauge. Electron cyclotron resonance occurred by combining 2.45 GHz 
microwaves from a 1.5 kW ASTeX microwave source and an ~875 G magnetic field 
applied by two ASTeX ECR magnets. The ECR zone was in the lower part of the chamber, 
and the plasma extended to the upper part of the chamber where the manipulator holding 
FIG 6.1 Diagram of the ECR MPCVD deposition chamber used to deposit c-BN films. 
Microwaves and a gas mixture are delivered into the bottom of the chamber. With the ECR 
magnets, an ECR plasma is generated in the lower part of the chamber and extends to the sample 
in the upper part of the chamber. 
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the sample was positioned. A toroidal tungsten coil beneath the substrate radiatively heated 
the sample. The temperature was calibrated with a Mikron M90Q optical pyrometer. A 
negative DC bias was applied to the sample holder to enable nucleation and growth of the 
c-BN film. 
The c-BN films were deposited on 25 mm diameter silicon (100) single side 
polished wafers with two different doping levels. Undoped wafers with a resistivity ≥ 20 
Ω-cm were used for FTIR measurements, but were not suitable for UPS measurements due 
to photo-induced charging effects. Phosphorous-doped wafers with a resistivity ≤ 0.01 Ω-
cm were used to reduce photo-induced charging effects observed during XPS and UPS 
measurements. The wafers were mounted onto a Mo sample holder and fastened with Ta 
wires. After loading the sample into the ECR MPCVD chamber and heating to 780ºC, the 
sample underwent an in situ plasma cleaning process for 15 minutes. The cleaning process 
used a He-Ar-N2 gas mixture at a pressure of ~1×10
-4 Torr, a microwave power of 1.4 kW, 
and an applied bias of -60 V. The deposition process was initiated by introducing H2 and 
BF3 gasses into the He-Ar-N2 gas mixture while the microwave power, temperature, and 
bias were held constant. The cleaning and deposition parameters are summarized in Table 
6.1.  
Deposition of BN was performed for 1h, 2.5h, and 4h to examine the c-BN 
nucleation and the film structure as the thickness increased. The FTIR measurements were 
performed on separate samples to avoid surface contamination that may impact further 
growth. 
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The bias applied to the sample was varied to determine the minimum and maximum 
critical bias which defines the c-BN growth regime. The experiments were initiated with 
samples with c-BN surfaces and then the bias was systematically varied during the 
subsequent deposition steps. The minimum critical bias was investigated by reducing the 
applied bias for each deposition. The process was repeated for H2 flow rates of 4 sccm and 
2 sccm. Deposition lasted for 1h and 2h when the H2 flow rates were 4 sccm and 2 sccm, 
respectively. The maximum critical bias was investigated by subsequent depositions at -
100 V, -125 V, and -150 V. Additionally, a He-Ar-N2 plasma treatment was performed on 
c-BN samples at -150 V. The deposition and plasma treatment parameters are listed in 
Table 6.2. 
Measurements addressed the formation and stability of H-terminated surfaces. As-
deposited c-BN films obtained after 4h of deposition were heated to 650ºC and exposed to 
an H2 plasma for 20 min. The plasma was maintained with 20 sccm of H2 and 2.5 sccm of 
Table 6.1 Experimental parameters for sample cleaning and deposition. 
 Cleaning Deposition 
He flow rate (sccm) 35 35 
Ar flow rate (sccm) 2.5 2.5 
N2 flow rate (sccm) 12.5 12.5 
H2 flow rate (sccm) - 4 
BF3 flow rate (sccm) - 1 
Sample temperature (ºC) 780 780 
Pressure (Torr) 1×10-4 Torr 1×10-4 Torr 
Input microwave power (W) 1400 1400 
Applied bias (V) -60 -60 
Duration 15 min 1, 2.5, 4 h 
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Ar at a pressure of 1×10-4 Torr with 300 W of input microwave power, and a ~-10 V bias 
relative to ground was observed (not applied). The sample was then cooled in the plasma 
to 400ºC over 5 min when the microwave power was turned off. The sample was 
transferred for in situ XPS and UPS measurements to characterize the surface. Then, the 
H2 plasma treated films were annealed in the ECR chamber for 30 min at 780ºC.  
6.3.2 Sample Characterization 
Upon completion of each deposition and processing step, the samples were 
transferred into separate XPS and UPS chambers for in situ characterization. The XPS 
Table 6.2 Deposition parameters used to investigate the low bias and high bias limits for c-BN growth. 
 Low bias w/  
4sccm H2 
Low bias w/ 2 
sccm H2 
High bias 
growth 
High bias 
He-Ar-N2 
plasma 
He flow rate (sccm) 35 35 35 35 
Ar flow rate (sccm) 2.5 2.5 2.5 2.5 
N2 flow rate (sccm) 12.5 12.5 12.5 12.5 
H2 flow rate (sccm) 4 2 4 - 
BF3 flow rate (sccm) 1 1 1 - 
Sample temperature 
(ºC) 
780 780 
780 780 
Pressure (Torr) 1×10-4 Torr 1×10-4 Torr 1×10-4 
Torr 
1×10-4 Torr 
Microwave power (W) 1400 1400 1400 1400 
Applied bias (V) -50, -45, -43.5 -38, -36.5 -100, -125, 
-150 
-150 
Duration 1h 2h 1h, 1h & 
2h, 1h 
1h 
 
 
 58 
 
measurements were performed with a nonmonochromatic Al x-ray source (hν = 1486.6 
eV) using a VG Clam II spectrometer with a resolution of ~1.0 eV. The core level peak 
positions can be resolved to ~0.1 eV through curve fitting. The UPS measurements were 
performed using a He discharge lamp, which was optimized for He I photons (hν = 21.2 
eV) or He II photons (hν = 40.8 eV). A bias of -8 V was applied to the sample to overcome 
the analyzer work function and maximize the collection of low energy electrons. A VSW-
HA50 hemispherical electron analyzer positioned normal to the surface was employed to 
acquire the photoelectron spectra. The analyzer resolution was 0.1 eV or 0.25 eV when 
operating the source optimized for He I or He II photons, respectively. Additionally, photo-
induced charging effects were observed at room temperature, but appeared to be reduced 
by heating the samples above 200ºC during the UPS measurements.  
After completing in situ measurements, the samples were removed for ex situ FTIR 
measurements to identify c-BN and h-BN components. Transmission FTIR was performed 
using a Bruker IFS 66V/S FTIR system at a pressure of 3.75 Torr with a Globar mid-IR 
source and a KBr beam splitter. The infrared light was collected with a DTGS detector 
operating at a resolution of 4 cm-1. 
To identify the chemical composition of the film, Rutherford backscattering 
spectrometry (RBS) was performed using 2 MeV He++ ions generated from a 1.7 MeV 
General Ionex Tandetron accelerator. The samples were oriented 8° from the He++ beam to 
avoid ion channeling. Elastic recoil detection (ERD) was also performed to determine the 
relative H content in the films. Analysis of RBS and ERD spectra to identify elements and 
determine H content was performed using RUMP software. Also, resonant nuclear reaction 
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analysis was performed using 3.93 MeV He++ ions to measure the B content and thus 
calculate the N:B ratio with RUMP. 
Finally, transmission electron microscopy (TEM) was performed using a JEOL 
ARM200F aberration correct electron microscope. 
6.4 Results 
6.4.1 Results After 1h, 2.5h, and 4h Depositions 
In situ XPS measurements performed following BN deposition for 1h, 2.5h, and 4h 
are shown in FIG 6.2. The B and N 1s core levels observed after a 1h deposition displayed 
a π-plasmon peak at ~10 eV on the higher binding energy side of the B and N 1s peaks. 
Curve fitting indicated the B 1s and N 1s peaks to be centered at 190.9±0.1 eV and 
398.4±0.1 eV, respectively. Also, a small amount of F was detected in the F 1s XPS spectra, 
centered at 687.3±0.1 eV. After 2.5h of deposition, the π-plasmon peaks were not evident 
in the B and N XPS spectra. The B 1s peak was centered at 191.9±0.1 eV, and the N 1s 
peak was centered at 399.5±0.1 eV. The F 1s peak was positioned at 687.3±0.1 eV (FIG 
6.2) with similar intensity to that after 1h of deposition. Upon completing a 4h deposition, 
the π-plasmon peaks were not evident in the B and N 1s spectra. The B 1s peak was 
centered at 192.4±0.1 eV, and the N 1s was centered at 399.9±0.1 eV. The F 1s peak was 
centered at 687.4±0.1 eV, and the intensity was maintained at approximately the same level 
as that after depositing for 1h or 2.5h. The position of the F 1s peak throughout the XPS 
measurements, ~878 eV, is consistent with XPS spectra of F bonded to B [30]. 
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The amount of F bonded to the surface was estimated from XPS spectra by using a 
modified equation from [31]: 
𝛩 =
𝐼𝐹
𝑆𝐹
/ (
𝐼𝐵
𝑆𝐵
+
𝐼𝑁
𝑆𝑁
) ∗  ∑ 𝑒𝑥𝑝 [
−𝑛∗𝑑𝐵𝑁
𝜆𝐵𝑁∗𝑐𝑜𝑠[𝜑]
]∞𝑛=0 ,          Eq. 1 
where Θ, the coverage in monolayers (ML), is the number of absorbed F atoms per unit 
area (atoms/cm2) divided by the number of surface B and N atoms per unit area 
(atoms/cm2). The IF, IB, and IN are the integrated intensities of the F, B, and N 1s peaks; SF, 
SB, and SN are the atomic sensitivity factors for each peak; d is the average spacing between 
FIG 6.2 B, N, and F 1s XPS and transmission FTIR spectra following (a) 1h, (b) 2.5h, and (c) 4h 
of ECR MPCVD growth. 
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c-BN planes, which we assume was a polycrystalline surface comprised of <100>, <110>, 
and <111> planes; and, φ is the angle between the normal of the surface and XPS energy 
analyzer, which was 0º for the setup. Finally, λ is the inelastic mean free path of B 1s or N 
1s photoelectrons. The values of λ were calculated using the TPP-2M equation [32], using 
the density of c-BN as 3.45 g/cm3, 𝐸𝑔 = 6.4 eV, B 1s kinetic energy of ~1293 eV, and N 
1s kinetic energy of ~1086 eV. The calculated results are: λB = 31.1 Å, λN = 32.1 Å, and 
the average is λBN ≈ 31.6 Å. The estimated surface coverage was calculated by averaging 
the surface coverage for <100>, <110>, and <111> planes. Using this approach, ~0.4 ML 
of F was detected on the surface after 1h of deposition. Since the XPS measurements probe 
~5 nm into the film, the specific stoichiometry of the surface (i.e. the topmost BN layer) 
may differ from the XPS concentration. If F was exclusively bonded to B surface sites 
(assuming a 1:1 N:B surface), the coverage is estimated to be ~0.8 ML. After 2.5h and 4h 
of deposition, a similar relative F content was observed.  
Transmission FTIR measurements after 1h of deposition (FIG 6.2) showed a 
response at 1380 cm-1 and 775 cm-1 which can be attributed to the in-plane and out-of-
plane optic modes of h-BN, respectively [33]. Following 2.5h of deposition, a response at 
1070 cm-1, which corresponds to the optic mode of c-BN [33], was observed along with 
the h-BN response at 1380 cm-1 and 775 cm-1 (FIG 6.2). Following a 4h deposition, FTIR 
measurements (FIG 6.2) indicated a response from h-BN  at 1384 cm-1 and 780 cm-1, while 
the c-BN mode was observed at 1085 cm-1. Note that the signal intensity decreased with 
increasing deposition time. The decreasing intensity was attributed to increased scattering 
that occurred with increasing film thickness. Thus, estimating the h-BN and c-BN phase 
content from FTIR measurements may not be accurate for these layered structures. 
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The energy loss spectrum from the B 1s peak following a 4h deposition, shown in 
FIG 6.3, was used to estimate the onset of the bulk plasmon relative to the center of the 1s 
peak. Previous studies have demonstrated that the bandgap of a material can be deduced 
by determining the position of the bulk plasmon onset relative to the core level peak 
[34,35]. This analysis indicated a bandgap of 6.2±0.2 eV. It is worth noting that the N 1s 
bulk plasmon edge was not as clearly evident as the B 1s bulk plasmon edge, making it 
difficult to obtain an accurate estimation of the onset energy. 
The RBS spectrum obtained from a 4h deposition is shown in FIG 6.4. The analysis 
using RUMP identified the presence of B, N, Si (from the substrate), and a small response 
attributed to the presence of Ti and/or V. The measured Ti/V was estimated using RUMP 
to be 0.5 at.% of the film. This concentration was apparently below the XPS detection limit. 
This contamination likely originates from the sample holder when heated. From resonant 
FIG 6.3 B 1s XPS spectra focused on the bulk plasmon edge to determine the band gap of 
the c-BN surface. 
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nuclear reaction analysis measurements (not shown), RUMP analysis determined a N:B 
ratio of 1:1±0.1. Additionally, ERD analysis with RUMP indicated the H content in the 
film was ~3±0.5 at.%. 
Cross section TEM of a 4h deposition, shown in FIG 6.5, reveals approximately 40 
nm of what appears to be h-BN with the c-axis parallel to the silicon surface. Evidently, 
this h-BN layer grows on silicon before nucleation of c-BN. The c-BN layer was 
approximately 20 nm thick. 
6.4.2 Minimum and Maximum Critical Bias 
The B 1s XPS spectra shown in FIG 6.6 were obtained following each deposition 
in the investigation of the minimum bias for c-BN growth using 4 sccm of H2. When 
depositing with an applied bias of -50 V, -45 V, and -43 V, π-plasmon peaks were not 
FIG 6.4 RBS spectrum of a c-BN film (4h of deposition) using 2 MeV He++ ions. By 
analysis with RUMP, it was determined that B, N, and Si (from the substrate) are 
detected in the spectrum. Also, RUMP analysis indicated a trace amount of Ti and/or 
V at the surface of the film but these elements were not detected in XPS 
measurements. 
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evident in either B or N 1s XPS spectra. However, a π-plasmon peak was evident in the B 
FIG 6.5 Transmission electron microscopy image of a c-BN film after 4h of deposition. First, 
an h-BN layer grows on top of the silicon substrate. After the h-BN layer reached 
approximately 40 nm in thickness, polycrystalline c-BN nucleated and grew on top of the h-
BN layer. The polycrystalline c-BN layer was approximately 20 nm thick. 
 
FIG 6.6 B 1s XPS spectra of (a) deposition at -50 V, (b) deposition at -45 V, (c) deposition 
at -43 V, and (d) -41 V for 1h using 4 sccm of H2 during deposition. 
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1s spectrum when depositing at -41 V. When 2 sccm of H2 was used during deposition, a 
π-plasmon peak was not evident when depositing at -38 V but it was evident when 
depositing at -36.5 V (data not shown). 
After depositing for 1h at -100 V, XPS results (FIG 6.7) showed B and N 1s peaks 
without evident π-plasmon peaks. Similar XPS spectra, shown in FIG 6.7, were obtained 
when depositing for 1h with a bias of -125 V. After a 2h deposition at -125 V, the resulting 
XPS spectra (FIG 6.7) showed a reduced B 1s intensity while the N 1s intensity remained 
similar to the growth at -100 V. Additionally, XPS measurements detected Si, evident by 
FIG 6.7 B 1s, Si 2p, and wide survey XPS spectra following (a) deposition at -100 V for 1h, (b) 
deposition at -125 V for 1h, (c) deposition at -125 V for 2h, (d) deposition at -150 V for 1h, and 
(e) He-Ar-N2 plasma performed with an applied bias of -150 V for 1h. The B 1s spectra are shifted 
horizontally to align the B 1s peaks. 
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the Si 2s and 2p core level peaks shown in FIG 6.7. When depositing at -150 V, XPS 
measurements showed a further reduction of the B 1s intensity and an increase of the Si 2s 
and 2p intensities while the N 1s intensity remained similar to other depositions. Following 
the 1h He-Ar-N2 plasma treatment at -150 V, XPS detected the Si 2s and 2p core levels 
and a N 1s peak, while a B 1s peak was not evident (FIG 6.7). For XPS measurements in 
which Si was evident, a doublet peak is observed in the spectra (FIG 6.7) that we assign to 
Si-Si bonds at ~99.5 eV and Si-N or Si-B bonds at ~102 eV binding energy. 
FIG 6.8 B, N, and F 1s XPS and transmission FTIR spectra of (a) as-deposited c-BN, (b) H2 plasma 
treated c-BN, and (c) H2 plasma treated c-BN annealed at 780°C. 
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6.4.3 c-BN Surface Treatments 
The XPS and FTIR spectra of c-BN films after a 4h deposition are shown in FIG 
6.8. The B and N 1s peaks were centered at 192.2±0.1 eV and 399.6±0.1 eV respectively. 
In these spectra, the π-plasmon was not evident. The F 1s peak was positioned at 687.3±0.1 
eV. Transmission FTIR measurements showed a response for h-BN at  1384 cm-1 and 780 
cm-1 while a response for c-BN was observed at 1085 cm-1. Note that the FTIR 
measurements are from separately prepared samples which may have variations that 
preclude quantitative comparisons. The amount of F on the surface was estimated to be 
~0.4 ML and ~ 8.0 ML if only B atoms are considered. 
The electronic structure of c-BN films after a 4h deposition was investigated by in 
situ UPS. The He I UPS spectrum is shown in FIG 6.9. The low energy cut-off was found 
at 17.1±0.1 eV, through linear extrapolation, corresponding to a 4.1±0.1 eV work function. 
A strong secondary peak near the low energy cut-off was observed in the spectrum. 
Analysis of the He II spectrum (FIG 6.9) indicated the valence band maximum (VBM) 
edge, at ~1.9±0.25 eV below the Fermi level. 
Following H2 plasma treatment, XPS measurements shown in FIG 6.8 detected B, 
N, and F. The B and N 1s peaks continued to exhibit strong intensities, without evident π-
plasmon peaks, and were observed at 191.4±0.1 eV and 399.9±0.1 eV, respectively. In 
contrast, the F 1s peak showed a decrease in signal intensity and was positioned at 
687.6±0.1 eV. The B, N, and F 1s XPS spectra for annealed films are shown in FIG 6.8. 
The B and N 1s peaks shifted to 191.9±0.1 eV and 399.4±0.1 eV, respectively, and π-
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plasmon peaks were not evident. The F 1s peak intensity remained at a similar level and 
was centered at 686.9±0.1 eV. 
A notable amount of F was removed after H2 plasma exposure, and the F content 
was unchanged after annealing. The amount of F following H2 plasma treatment was 
estimated to be 0.2 ML considering both B and N atoms and 0.4 ML if F was bonded only 
to B atoms. 
After H2 plasma exposure, the FTIR spectrum shown in FIG 6.8 is essentially 
unchanged when compared to the initial c-BN FTIR spectrum. The FTIR spectra after 
annealing also remains unchanged (FIG 6.8). 
 FIG 6.9 He I (hν = 21.2 eV) UPS spectra of as-deposited c-BN (4h of deposition), H2 plasma 
treated c-BN, and annealed plasma treated films. Insert: He II (hν = 40.8 eV) UPS spectra 
of as-deposited c-BN films, H2 plasma treated c-BN films, and annealed H2 plasma treated 
films. 
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The UPS spectra of H2 plasma treated c-BN shown in FIG 6.9 displayed a work 
function of ~3.4±0.1 eV, and the VBM was ~2.8±0.25 eV below the Fermi level. After 
annealing the H2 plasma treated c-BN, the work function shifted to ~4.2±0.1 eV while the 
VBM edge was ~2.1±0.25 eV below the Fermi level (FIG 6.9). A strong secondary peak 
above the low energy cut-off was observed after H2 plasma treatment and annealing. 
6.4.4 XPS Stoichiometry 
The N:B ratio estimated from XPS measurements after 1h, 2.5h, and 4h depositions 
as well as after H2 plasma exposure and annealing are shown in FIG 6.10. The N:B ratio is 
estimated by dividing the area of each 1s peak (using a Gaussian fit) by the respective 
atomic sensitivity factor (ASF), such that N:B = (N 1s area / N ASF) / (B 1s area / B ASF). 
After 1h deposition, the N:B ratio was ~1.4±0.1, while after the 2.5h and 4h depositions 
the N:B ratios were 1.3±0.1 and 1.4±0.1, respectively. The estimated N:B ratio decreased 
to 1.2±0.1 after H2 plasma treatment and remained at 1.2±0.1 following annealing. Note 
FIG 6.10 The N:B ratio detected from XPS measurements after 1h, 2.5h, 4h of deposition, 
H2 plasma treatment and annealing the plasma treated films. 
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that after H2 plasma treatment the B 1s intensity increased and the N 1s intensity decreased, 
and the intensities remained similar after annealing. While investigating the bias limits that 
yielded c-BN growth, estimations from XPS spectra indicated the N:B ratio ranged from 
1.2-1.4±0.1.  
6.5 Discussion 
6.5.1 Physical Characterization 
Deposition of c-BN films 
The physical structure of deposited films was determined by examining XPS, FTIR, 
and TEM results. The π-plasmon peaks observed in XPS spectra, associated with sp2 
bonded BN, along with the vibrational modes associated with h-BN that are observed in 
FTIR measurements indicated that the initial surface was mainly composed of h-BN. 
However, a c-BN response was observed in FTIR measurements when π-plasmon peaks 
were not evident in the XPS spectra. These results indicated that the surface was mainly 
composed of c-BN when π-plasmon peaks were not evident in the B and N 1s spectra. The 
growth transition is consistent with results from cross section TEM reported here (FIG 6.5) 
and with cross section TEM performed in prior research [36]. Our analysis from XPS 
measurements indicated the c-BN surface was characterized as having a bandgap of 
6.2±0.2 eV, which is consistent with the range of values reported for c-BN (6.1-6.4 eV).  
The B and N 1s core level positions shifted at various deposition stages, while the 
F 1s core level position remained essentially unchanged. The B 1s and N 1s core levels 
shifted to higher binding energies when π-plasmon peaks were not evident. Similar shifts 
have been reported in other studies (~0.8 eV), which were attributed to chemical shifts due 
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to the difference in electronic structure between h-BN and c-BN [37,38]. Our 
measurements suggest that the majority of the detected F was bonded to B surface sites. 
The F-terminated B surface sites are thought to be sp3 bonded regardless of an h-BN or c-
BN surface. This may explain why the position of the F 1s peak remained unchanged while 
the B and N peak positions varied for the different deposition durations. 
Film Composition 
The N:B ratio of the film was ~1:1, as indicated by RBS measurements, while XPS 
indicated the presence of F at the surface and ERD measurements indicated the presence 
of H in the film. With regards to the presence of F, RBS measurements did not detect F but 
the presence of F in XPS spectra, the F 1s peak position, and the surface coverage 
estimations indicated F was bonded to B surface sites. 
The presence of H and F can be understood from the c-BN growth model proposed 
by Zhang et al.[20] and by several theoretical works [25,29] which predicted H-terminated 
N surface sites and F-terminated B surface sites during growth. The theoretical studies 
predicted H-termination effectively stabilizes the N surface sites, while the same was 
predicted for F-terminated B surface sites. The observations by Zhang et al. indicated NHx 
and BFx species contribute to BN growth. The presence of F and H determined by XPS and 
ERD measurements is consistent with these studies. 
Bias Limits 
The minimum critical bias is ascribed to the bias value below which growth on c-
BN surfaces results in surfaces composed mainly of h-BN. Growth of c-BN is sustained 
above the minimum critical bias value and up to the maximum critical bias. When 
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depositing above the maximum critical bias, etching processes begin to dominate growth. 
Thus, the critical biases define the transition between 3 regimes of growth: growth of h-
BN, growth of c-BN, and etching. 
Measurements indicated the minimum bias decreased from ~-42 V to ~-37 V as the 
H2 flow rate was decreased from 4 sccm to 2 sccm. This observed behavior is similar to 
that reported by Zhang and Matsumoto [28], where the minimum bias decreased from -75 
V to -40 V when decreasing the H2 flow rate from 5 sccm to 1.5 sccm (using plasma jet 
CVD). This behavior was similar to the role of bias required to grow c-BN using a PVD 
technique reported by Kester and Messier [39]. Kester and Messier noted that the applied 
bias facilitated momentum/energy transfer to the surface via ion bombardment which was 
required to nucleate and sustain c-BN growth. The momentum-per-atom, which describes 
the momentum transferred to the surface, is proportional to the momentum of impinging 
ions and inversely proportional to the growth rate. Formation of c-BN is apparently 
achieved by meeting a threshold momentum-per-atom value. Therefore, by decreasing the 
growth rate, the bias can be accordingly decreased to meet the same momentum-per-atom 
threshold required for growth. It is worth noting that the PVD method used by Kester and 
Messier may be based on a densification mechanism, which is thought to be different from 
CVD mechanisms. Further study is needed to better understand the role of bias in the CVD 
deposition process. 
When investigating the maximum bias limit that yielded c-BN growth, XPS 
measurements indicated etching occurred when depositing at -125 V and -150 V. 
Comparing the XPS spectra following deposition and He-Ar-N2 plasma treatment at -150 
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V indicated ion bombardment could be responsible for the etching that occurred when 
depositing at -125 V and -150 V. Silicon was observed in XPS spectra after a 2h deposition 
at -125 V and after a 1h deposition and plasma treatment at -150 V, indicating the etching 
rate increased with increasing bias. However, it seems likely that the specific applied bias 
where etching begins to dominate growth depends on the deposition system properties. 
Hirama et al. [40] used molecular beam epitaxy (MBE), a PVD method, to grow c-BN 
films and reported similar deposition regimes as the bias increased: sp2 BN growth, c-BN 
growth, and etching. However, the reported lower critical bias was 220 V and the upper 
critical bias was 450 V. These values are different from those presented in this study 
presumably due to differences between PVD and CVD methods. The similar deposition 
regimes suggests common processes occur during the preferential growth of c-BN in both 
MBE and PECVD using F chemistry techniques. While both techniques have different 
ways of enhancing preferential etching of sp2 BN over c-BN, it is evident that a bias is 
necessary to sustain the c-BN growth regime. 
F Removal 
Following H2 plasma treatment, XPS measurements indicated that F was partially 
removed from the surface. One possibility is that H atoms adsorb onto the surface and bond 
with F atoms to form HF. The resulting HF would then desorb from the surface. This 
surface chemical process is similar to a process reported by Zhang et al. [20], where F 
removes H from H-terminated N sites to form HF during growth. This creates activated N 
sites appropriate for bonding with B species. The indication of H removing F from the 
surface differs somewhat from Zhang et al. [20], who proposed F was removed from B 
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surface sites via ion bombardment with a minimum bias of 20 V. For the case of the H2 
plasma, a bias of ~-10 V relative to ground was observed (not applied). Our observations 
suggest another mechanism, namely that H atoms can abstract F from surface sites by 
forming HF which desorb from the surface. It is not clear if this chemical pathway is an 
important or dominant process during deposition, but further study may provide a better 
understanding of F abstraction mechanisms during deposition. 
XPS Stoichiometry 
The surface stoichiometry of BN films varied after each deposition and processing 
step. The XPS measurements indicated the surface had a N:B > 1 throughout all 
experimental steps, while RBS analysis indicated the films had a 1:1 N:B ratio. Zhang et 
al. [20] reported a N-rich surface that was attributed to a higher gas phase concentration of 
the N growth species versus the B growth species. However, a specific N:B ratio was not 
reported. Following H2 plasma treatment, the XPS N:B ratio decreased, which we suggest 
is because the N 1s intensity decreased. One possibility is that H atoms could form NHX 
radicals that desorbed from the surface, demonstrating another function of H in c-BN 
growth. 
6.5.2 Electronic Characterization 
Negative Electron Affinity Surface 
UPS measurements of the c-BN films were employed to determine the work 
function (ϕ) from the He I spectra and the position of the VBM relative to the Fermi level 
(EVBM) from the He II spectra. The quantities can be related to the UPS spectral width using 
the following: 
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𝑊 = ℎ𝜈 − (𝐸𝑔 + 𝜒) = ℎ𝑣 − (𝜙 + 𝐸𝑉𝐵𝑀),         Eq. 2 
where 𝑊 is the spectral width, ℎ𝜈 is the photon energy (21.2 eV for He I and 40.8 eV for 
He II), 𝐸𝑔 is the bandgap, and 𝜒 is the electron affinity. However, if the semiconductor has 
an NEA surface, the spectral width equation becomes W = h𝜈 - Eg = hν – (ϕ + EVBM). 
For as-deposited c-BN, the sum of the measured ϕ and EVBM is 6.0±0.3 eV. This 
value is within the reported range of the bandgap of c-BN and is close to the bandgap 
estimated from the B 1s energy loss analysis. Additionally, the He I spectrum shows a 
distinctive peak near the low energy cut-off which is a feature that has been associated with 
NEA surfaces on diamond [41,42], and is attributed to electrons thermalized to the CBM. 
These observations indicated the surface of as-deposited c-BN exhibited an NEA surface. 
After treating as-deposited c-BN films with an H2 plasma, the same observations 
were made to determine the electron affinity. The extrapolated ϕ and EVBM summed to 
6.2±0.3 eV from Eq. 2. The UPS spectra obtained after annealing yielded a sum of ϕ and 
EVBM to be 6.3±0.3 eV. These results are consistent with the reported bandgap of c-BN and 
the bandgap estimated from analysis of the B 1s energy loss spectrum. Additionally, the 
distinctive peak present near the low energy cut-off was evident in the spectra after each 
step. These results indicated the NEA surface was stable through H2 plasma treatment and 
annealing at the deposition temperature. 
Surface Treatments 
The B, N, and F 1s peak positions, along with the estimated VBM position and 
surface work function, for as-deposited, H2 plasma treated, and annealed c-BN are listed 
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in Table 6.3. The results indicated that the core levels and VBM shift to higher binding 
energies following H2 plasma treatment and then shift to lower binding energies after 
annealing; close to the measured position for as-deposited c-BN. The work function 
decreased 0.7±0.2 eV after H2 plasma treatment and then increased 0.8±0.2 eV after 
annealing. The changes observed in XPS and UPS are consistent with each other and UPS 
measurements indicated the surface had an NEA after each step. These shifts appear 
consistent with a change in band bending. 
Negative Electron Affinity Mechanism 
The role of surface termination for the observed NEA character was assessed with 
a point charge dipole model. A surface termination layer can lead to a surface dipole, due 
to charge transfer that occurs at the surface, which consequently impacts the electron 
affinity of the surface. The dipole results in a potential step perpendicular to the surface, 
which influences the position of the vacuum level relative to the CBM, and thus influences 
the electron affinity. In principle, the dipole moment of specific surface terminations and 
Table 6.3 B 1s and N 1s peak positions, and VBM positions relative to the Fermi level and work 
functions of c-BN films extrapolated from UPS measurements. 
 N 1s 
binding 
energy (eV) 
B 1s 
binding 
energy (eV) 
F 1s 
binding 
energy 
(eV) 
VBM (eV 
below EF) 
ϕ (eV) 
As-deposited c-BN 399.6±0.1 192.2±0.1 687.3±0.1 1.9±0.25 4.1±0.1 
After H2 plasma 399.9±0.1 192.4±0.1 687.6±0.1 2.8±0.25 3.4±0.1 
After annealing 399.4±0.1 191.9±0.1 686.9±0.1 2.1±0.25 4.2±0.1 
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the resulting impact on the electron affinity can be estimated to identify which surface 
bonding configuration could be responsible for the observed NEA. The following analysis 
is similar to that presented elsewhere [43]. 
The dipole moments for surface bonds were estimated by employing a point charge 
approximation for a diatomic molecule such that p = d Δq where d is the bond length and 
Δq is the charge transfer between the atoms. The charge transfer between two atoms in a 
diatomic molecule is determined by [44]: 
Δ𝑞 = 0.16|𝑋𝐴 − 𝑋𝐵| + 0.035|𝑋𝐴 − 𝑋𝐵|
2 ,   Eq. 5.3 
where XA and XB are the electronegativities of the two atoms, and the more electronegative 
atom gains -Δq charge. Using the Pauling electronegativities for H (2.2), B (2.04), N (3.04), 
and F (3.98) [45], the charge transfer is estimated to be 0.03e for the B-H bond, 0.44e for 
the B-F bond, 0.16e for N-H bond, and 0.18e for the N-F bond. The bond length for B-H 
is 1.19 Å and for B-F is 1.31 Å, while the N-H bond length is 1.02 Å and 1.37 Å for N-F 
[45]. The dipole is directed towards the more electronegative atom. By considering a dipole 
moment to be positive if it is directed away from the surface, the surface dipole moments 
are estimated to be +0.04e Å for the B-H bond, +0.58e Å for B-F, -0.16e Å for N-H, and 
+0.25e Å for N-F.  
The surface dipole decreases the electron affinity if the dipole moment is directed 
away from the surface while it increases the electron affinity if it is directed toward the 
surface. Thus, the N-H surface bond contributes to decreasing the electron affinity while 
B-H, B-F, and N-F surface bonds contribute to increasing the electron affinity. 
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In the case of c-BN films deposited employing F chemistry, N-H and B-F bonds 
are the predominant surface termination. A N-rich surface (N:B ratio > 1) would allow for 
more H-terminated N surface sites than F-terminated B surface sites, promoting an NEA 
surface. Treating samples with an H2 plasma removed F from the surface, and could create 
an H-terminated surface. In that case, an NEA surface could be achieved. 
6.6. Conclusion 
In summary, c-BN films were deposited on Si wafers using ECR MPCVD with 
fluorine chemistry. FTIR, XPS, and TEM measurements indicated that c-BN nucleated and 
grew on top of an h-BN layer. The presence of π-plasmon features and the position of B 
and N 1s peaks during in situ XPS measurements were used to determine if the surface was 
mainly composed of c-BN or h-BN. By varying the applied bias during a sequence of 
growth steps, the results indicated that the lower critical bias for c-BN growth was -45 V 
while etching was observed when the bias was ≥ -125 V. Our results indicated that ion 
bombardment is critical for the deposition of c-BN. In situ XPS measurements indicated H 
abstracts F from the surface. In situ UPS results showed that as-deposited c-BN films 
exhibited an NEA surface and retained an NEA surface following H2 plasma treatment and 
annealing at 780ºC. By employing a surface dipole model, the observed NEA is attributed 
to the presence of N-H surface bonds.  
These results warrant further study of c-BN, specifically studying doping of c-BN 
films. Achieving controlled n-type doping to lower the work function could provide a very 
low effective work function that enables new energy and electronic applications of c-BN.  
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Appendix 6A: N:B Ratio Estimated Using Scofield Sensitivity Factors 
The N:B ratio of deposited and processed films were originally estimated with 
atomic sensitivity factors reported by Wagner [1]. Alternatively, the stoichiometry of films 
were estimated using sensitivity factors reported by Scofield [2] that were corrected for 
VG designed XPS systems. For 1h, 2.5h, and 4h deposited films the N:B ratios were 
estimated to be 1.15±0.16, 1.05±0.15, and 1.09±0.15, respectively. For c-BN films that 
were treated with an H2 plasma, the N:B ratio was estimated to be 1.02±0.14. Films that 
were annealed post H2 plasma treatment were estimated to have a N:B ratio of 0.98±0.14. 
These results indicate a relatively even concentration of N and B on the surface of films 
compared to the N:B ratios estimated using Wagner factors. The N:B ratios estimated using 
Scofield factors agree with the 1:1 N:B ratio estimated from RBS measurements. 
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 IN SITU PHOTOEMISSION CHARACTERIZATION OF SILICON 
INCORPORATED CUBIC BORON NITRIDE FILMS DEPOSITED VIA PLASMA 
ENHANCED CHEMICAL VAPOR DEPOSITION WITH SILANE 
7.1 Abstract 
Silicon was incorporated into c-BN films deposited via plasma enhanced chemical vapor 
deposition (PECVD) utilizing fluorine chemistry and SiH4 (silane) as the Si precursor. In 
situ XPS measurements indicated that Si was incorporated into the film and surface 
segregation was not detected. Also, results from XPS indicated the majority of Si atoms 
were bonded to N. The cubic phase of BN was retained during growth for Si concentrations 
up to ~4.9 at% Si, and the presence of hexagonal BN was identified with ~11.5 at.% Si. 
UPS measurements were unable to confirm n-type character of c-BN films containing 
various amounts of Si. Photo-induced charging effects were observed in UPS 
measurements as well. These observations indicated that highly n-type doping of c-BN was 
not realized. The lack of n-type character could be explained by Fermi level pinning, 
compensation of the Si donors, or by silicon nitride formation. We concluded that silicon 
nitride formation was the primary effect that limits n-type doping. 
7.2 Introduction 
Cubic boron nitride (c-BN) is a material that has sp3–hybridized bonds, a wide 
bandgap reported to be between 6.1-6.4 eV [1], and is isoelectronic to diamond. Similar to 
diamond, H-terminated c-BN has been reported to exhibit a negative electron affinity 
(NEA) surface [2]. Recently, research from our group indicated c-BN films deposited via 
plasma enhanced chemical vapor deposition (PECVD) employing Ar, He, N2, H2, and BF3 
precursors exhibited NEA surfaces stable at 800ºC, attributed to H termination N surface 
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sites [3]. A surface exhibits an NEA when the vacuum level lies below the conduction band 
minimum (CBM), whereas a positive electron affinity surface occurs when the vacuum 
level is positioned above the CBM. An NEA surface enables conduction band electrons to 
be emitted into vacuum without having to overcome an additional energy barrier. 
Consequently, the work function is effectively reduced, and an effective work function is 
defined as the difference between the Fermi level and the CBM.  
One of the earliest studies of n-type c-BN reported Si as a dopant with an activation 
energy of 0.24 eV [4]. The importance of shallow donors has been highlighted in studies 
of electron emission from n-type diamond films. It has been reported that N and P-doped, 
n-type diamond films had low work functions of 1.3 eV [5] and 0.9 eV [6], respectively, 
and exhibited thermionic emission below 500ºC. The low work functions were attributed 
to a combination of n-type donors and an NEA surface. As a consequence, low work 
function diamond films are being considered for applications in electron emission, 
including thermionic energy conversion (TEC) devices [7]. TEC devices convert heat into 
electricity through thermionic emission, hence the preference for low work function 
emitters. Given the reports of low work function diamond surfaces and the similarities 
between c-BN and diamond, n-type doping of c-BN has become of interest. The 
combination of Si-doping and an NEA surface could produce a low work function c-BN 
surface that could enable low temperature thermionic emission. 
 Silicon has been reported to have been incorporated into c-BN during growth and 
through ion implantation. Incorporation during synthesis has been reported for high 
pressure high temperature (HPHT) synthesis [4], physical vapor deposition (PVD) [8,9,10], 
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and chemical vapor deposition (CVD) techniques [11]. The concentration of Si 
incorporated during deposition has been reported to range from 0.02 at.% [10] to 3.3 at% 
[8,9], whereas the reported concentration of Si from ion implantation was 0.1 at.% and 0.12 
at.% [12]. There was a spread among the reported activation energies of Si-doped c-BN. 
Activation energies of 1.17 eV with 3.3 at.% Si and 1.65 eV with 1.0 at.% Si have been 
reported when Si was cosputtered during c-BN deposition [8]. Another study utilizing 
similar techniques reported an activation energy of 0.3 eV with 0.02-0.03 at.% Si 
concentration [10].  
To date, the lowest activation energy for Si-doped c-BN has been reported to be 
0.05 eV (determined by the van der Pauw method) with 0.1 at.% Si incorporated by ion 
implantation, and was attributed to metallic conduction through an impurity band [12]. In 
the same study, an activation energy of 0.4 eV above ~200ºC was reported from Hall 
measurements, which was attributed to isolated Si donors. It is not clear if the method of 
Si incorporation impacts the electrical properties of doped c-BN, nor why there is a spread 
among the reported activation energies. Also, it is not clear when the transition from 
impurity doping to alloy formation occurs for c-BN, and is further obscured when the cubic 
phase is disrupted by h-BN formation which has been observed with increasing Si 
concentration [9]. It has been reported that the growth of c-BN without evident h-BN 
formation occurred up to a concentration of 3.3 at.% Si [9]. The formation of h-BN was 
evident as the Si concentration was increased to 5.6 at.% and above, and at 15.7 at.% Si 
silicon nitride was detected. The reported concentrations were determined from x-ray 
photoelectron spectroscopy (XPS), and the presence of h-BN was determined using Fourier 
transform infrared spectroscopy (FTIR) measurements. 
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In this study, various concentrations of silicon were incorporated into c-BN during 
deposition via PECVD employing F chemistry. In situ photoelectron spectroscopy, with x-
ray (XPS) and ultraviolet (UPS) sources, was used to probe the chemical composition, 
work function, and position of the Fermi level relative to the valence band maximum 
(VBM). XPS measurements were used to determine the chemical composition of c-BN:Si 
films and identify the presence of c-BN and h-BN, while UPS measurements established 
the surface Fermi level position for c-BN:Si films. The observation of a π-plasmon feature 
in the XPS spectra was used to identify the presence of h-BN and to determine the Si 
concentrations when h-BN was evident. 
7.3 Experiment 
Cubic boron nitride films were deposited on 25 mm diameter (100) silicon wafers 
using electron cyclotron resonance microwave plasma chemical vapor deposition (ECR 
MPCVD). The experimental setup is described in detail elsewhere [3]. Cubic boron nitride 
layers containing Si were deposited by a two-step processes. First, a base c-BN layer was 
nucleated and then Si was incorporated into c-BN films during a subsequent deposition. 
 89 
 
Deposition of the base layer was performed at 800ºC and 0.1 mTorr, using a gas mixture 
of Ar-He-N2-H2-BF3. The full deposition parameters of the c-BN initial layer are listed in 
Table 7.1. Silicon was incorporated into c-BN films by adding 1% SiH4 (silane) in He into 
the gas mixture of Ar-He-N2-H2-BF3 during deposition. Deposition of c-BN:Si was 
performed at 800ºC and 0.1 mTorr, with a -50 V bias applied to the substrate. The 1% 
silane in He flow rate was varied from 0.1-10 sccm. For some depositions, the silane/He 
was pulsed into the chamber for 10 seconds every 60 seconds and 20 seconds every 60 
seconds. The full deposition parameters for Si incorporation are listed in Table 7.2. 
In situ XPS & UPS were performed on films following deposition of c-BN:Si. The 
ECR MPCVD, XPS, and UPS chambers were connected to an 20 m ultra-high vacuum 
transfer line. The chemical composition, elemental concentration, and the presence of sp2 
bonded BN in the films were investigated by XPS measurements, while UPS measurements 
were used to probe the work function and valence band structure. The XPS measurements 
Table 7.1 List of deposition parameters used to nucleate c-BN on a silicon substrate. 
Parameter Value 
He flow rate (sccm) 35 
Ar flow rate (sccm) 2.5 
N2 flow rate (sccm) 12.5 
H2 flow rate (sccm) 4 
BF3 flow rate (sccm) 1 
Microwave power (W) 1,400 
Pressure (mTorr) 0.1 
Applied bias (V) -60 
Temperature (ºC) 800 
Duration (min) 2h 30 min 
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were performed with a nonmonochromatic Al x-ray source (hv = 1486.6 eV) using a VG 
Clam II spectrometer with a resolution of ~1.0 eV. The core level peak positions can be 
resolved to ~0.1 eV through curve fitting. The relative composition of films were estimated 
using Gaussian curve fitting to find the area of each core level peak. The area of each peak 
was estimated with 10% error. Additionally, Gaussian curve fitting was used to estimate 
the binding energy of the center of each core level peak. The detection limit for elements 
was ~ 1 at.%. The XPS chamber was maintained at a pressure of 1×10-9 Torr. 
 For UPS measurements, a gas discharge lamp was used to generate He I photons 
(hv = 21.2 eV). A bias of -8 V was applied to the sample to maximize the collection of low 
energy electrons and to give electrons sufficient energy to overcome the analyzer work 
function. A VSW-HA50 hemispherical analyzer, operated with a resolution of 0.1 eV, was 
Table 7.2 List of c-BN:Si deposition parameters. *The He flow rate was decreased with 
increasing 1% SiH4/He flow rate to maintain a total He flow rate of 35 sccm.  
** For some samples, the 1% SiH4/He was pulsed into the chamber for 10 s every 60 s and 
20 s every 60 s. 
Parameter Value 
He flow rate (sccm) 35 
Ar flow rate (sccm) 2.5 
N2 flow rate (sccm) 12.5 
H2 flow rate (sccm) 4 
BF3 flow rate (sccm) 1 
Microwave power (W) 1,400 
Pressure (mTorr) 0.1 
Applied bias (V) -60 
Temperature (ºC) 800 
Duration (min) 2h 30 min 
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positioned normal to the surface of the films to collect photoelectron spectra. During UPS 
measurements, spectra were recorded when the samples were heated to temperature 
between 400 ºC-480ºC to reduce photo-induced charging effects. The samples were heated 
by passing a current, generated by an analog DC source, through a circular tungsten 
filament positioned behind samples. The temperature was monitored by a thermocouple 
also positioned behind the sample and in the center of the circle formed by the filament. 
Samples were heated to reduce photo-induced charging effects and to activate donors, 
should n-type doping be realized. 
In addition to photoelectron spectroscopy, Rutherford backscattering spectrometry 
(RBS) was employed to measure the areal density of atoms which was used to estimate the 
thicknesses of films. The RBS measurements utilized 2.0 MeV He++ ions, and recorded 
spectra were compared with simulations from the software RUMP to estimate film 
thicknesses. The sample normal was oriented 8º away from the ion beam to avoid 
channeling effects. 
7.4 Results 
7.4.1 XPS and RBS Results 
The fractional composition of elements in the films were calculated from: 𝐶𝑥 =
(𝐼𝑥/𝑅𝑆𝐹𝑥)
∑ (𝐼𝑛/𝑅𝑆𝐹𝑛)𝑛
, where I is the fitted area of a particular core level peak and RSF is the atomic 
sensitivity factor for the core level peaks. The estimated relative elemental concentrations 
and uncertainties are summarized in Table 7.3. A Si concentration of ~11.5 at.% was 
obtained when the silane/He flow rate was 10 sccm, while a concentration of  ~1.3 at.% 
was obtained when the flow rate was 1 sccm. This indicated essentially linear incorporation 
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with the silane flow rate. A π-plasmon peak was evident in the B 1s spectrum of the film 
with ~11.5 at.% Si (FIG 7.1a), but was not evident in the B 1s spectrum for the film with 
~1.3 at.% Si. The observation a π-plasmon peak indicated the presence of h-BN, as was 
reported in our previous work [3]. Films had Si concentrations of ~4.9 at.% and ~4.5 at.% 
(within error) when the silane/He flow rate was 5 sccm.. The π-plasmon peaks were not 
evident in B 1s spectra of these films (FIG 7.1b). Pulsing the Si precursor for 10 s every 
60 s with a flow rate of 10 sccm resulted in a Si concentration of ~1.5 at.%, and a π-plasmon 
was evident in the B 1s spectrum (FIG 7.1c).  
Table 7.3 Concentration of Si incorporated into c-BN films measured by XPS for various flow 
rates of 1% silane in He. The element detection limit for XPS measurements was ~1 at.%. 
1% Silane/He Flow Rate Si 
concentration 
(at.%) 
N 
concentration 
(at.%) 
B concentration 
(at.%) 
10 sccm 11.5 ± 1.4 51.4 ± 6.1  37.1 ± 4.3 
10 sccm pulsed for 10 s 
every 60 s 
1.5 ± 0.2 52.2 ± 6.4 46.3 ± 5.6 
5 sccm 4.9 ± 0.6 /  
4.5 ± 0.5 
51.6 ± 6.2 /  
50.1 ±  6.0 
42.5 ± 5.3 /  
45.4 ± 5.5 
3 sccm 2.6 ± 0.3 51.5 ± 6.3 45.9 ± 5.6 
1 sccm 1.3 ± 0.2 52.6 ± 6.4 45.1 ± 5.6 
0.5 sccm pulsed 20 s 
every 40 s 
below detection 
limit / ~0.1 
51.7 ± 6.3 48.3 ± 5.9 
0.1 sccm below detection 
limit / ~0.1 
52.1 ± 6.4 47.9 ± 5.9 
0.1 sccm pulsed 10 s 
every 60 s 
below detection 
limit / ~0.01 
52.0 ± 6.4 48.0 ± 5.9 
0 sccm below detection 
limit 
51.7 ± 6.3 48.3 ± 5.9 
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Silicon was not evident in XPS measurements when the silane/He flow rate was < 
1 sccm, independent of pulsed or continued flow. This was most likely due to Si 
concentrations that were below the elemental detection limit for the XPS measurements. If 
the trend of Si incorporation for Si precursor flow rates > 1 sccm continued for flow rates 
< 1 sccm, the Si concentration of films deposited with 0.1 sccm Si precursor were estimated 
to have concentrations of ~0.1 at.%. Likewise, films deposited by pulsing the precursor at 
0.1 sccm for 10 s every 60 s were estimated to have an average concentration of ~0.01 at.% 
Si. Additionally, π-plasmon peaks were not evident in B 1s spectra when the Si precursor 
flow rate was < 1 sccm. 
A test was performed to determine if Si segregated to the surface during deposition. 
The test involved by growing c-BN (without the Si precursor) on top of the c-BN:Si layer. 
FIG 7.1 B 1s XPS spectra following c-BN:Si deposition with Si precursor flow rates of (a) 
10 sccm, (b) 5 sccm, and (c) 10 sccm pulsed (10 s every 60 s). The presence of h-BN was 
indicated by a subtle π-plasmon peak was detected in (a) and a more apparent π-plasmon 
peak was detected in (c). A π-plasmon peak was not detected in (b). The Si concentrations 
for (a), (b), and (c) were 11.5 at.%, 4.9 at.%, and 1.5 at.%, respectively. 
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The c-BN:Si layer was deposited with a continuous flow rate of 10 sccm for 30 minutes 
FIG 7.3 Si 2p XPS spectra following (a) c-BN:Si deposition with 10 sccm Si 
precursor for 30 min and (b) 45 min c-BN deposition on top of the c-BN:Si layer. 
The Si concentration in (a) was estimated to be 11.5 at.%. 
FIG 7.2 N 1s XPS spectra following c-BN:Si deposition with Si precursor flow 
rates of (a) 10 sccm, (b) 5 sccm, and (c) 10 sccm pulsed (10 s every 60 s). The 
presence of h-BN was indicated by a subtle π-plasmon peak was detected in (a) 
and a more apparent π-plasmon peak was detected in (c). A π-plasmon peak was 
not detected in (b). The Si concentrations for (a), (b), and (c) were 11.5 at.%, 4.9 
at.%, and 1.5 at.%, respectively. 
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followed by a 45 minute c-BN deposition. The Si 2p XPS spectrum after c-BN:Si 
deposition, shown in FIG 7.3, indicated the presence of Si after the c-BN:Si deposition 
(~11.5 at.% Si). Following the c-BN deposition, Si was not detected by XPS (FIG 7.3). 
 The Si bonding environment was investigated using the position of core level peaks 
and the relative composition measured by XPS. The core level positions for films with 
various Si concentrations are summarized in Table 7.4. In most cases, the Si 2p peak was 
centered at ~103 eV. The B and N 1s peaks were centered between 192.0±0.1 – 192.5±0.1 
eV and 399.5±0.1 – 400.2±0.1 eV, respectively. The B 1s, N1s, and Si 2p XPS spectra of 
films deposited with Si precursor flow rates of 10 sccm (continuous), 5 sccm (continuous), 
and 10 sccm pulsed 10 s every 60 s are shown in FIG 7.1, FIG 7.2, and FIG 7.4, respectively 
Note that the sample prepared with 0.5 sccm silane/He pulsed 20 s every 60 s exhibited 
FIG 7.4 Si 2p XPS spectra following c-BN:Si deposition with Si precursor flow 
rates of (a) 10 sccm, (b) 5 sccm, and (c) 10 sccm pulsed (10 s every 60 s). The Si 
concentrations for (a), (b), and (c) were 11.5 at.%, 4.9 at.%, and 1.5 at.%, 
respectively. 
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signs of photo-induced charging. Here, the core level peaks were shifted to higher binding 
energies. 
The relative concentration of B and N for c-BN before Si incorporation were 
estimated to be ~51.7 at.% and ~48.3 at.%, respectively, with a B:N ratio of 0.93 ± 0.13. 
The concentrations of Si, B, and N that were present in c-BN films with various amounts 
of Si are summarized in Table 7.3. In most cases, the concentration of B notably decreased 
while the N concentration remained essentially unchanged when incorporating Si into the 
films. The B:N ratio decreased with increasing Si concentration, reaching a minimum of 
Table 7.4 List of Si concentrations and core level peak positions measured by XPS from samples. 
The 1% silane flow rates are included. The element detection limit for XPS measurements was ~1 
at.%. * Sample exhibited signs of photo-induced charging ** Sample had h-BN present. 
1% 
Silane/He 
flow (sccm) 
Estimated Si 
concentration 
(at.%) 
N 1s  
(±0.1 eV) 
B 1s 
(±0.1 eV) 
F 1s 
(±0.1 eV) 
Si 2p 
(±0.1 eV) 
0 N/A / below 
detection limit 
399.7 182.2 687.4 N/A 
5 4.9 399.4 192.0 687.7 103.0 
5 4.5 399.9 192.5 687.7 103.2 
3 2.6 399.9 192.3 687.8 103.1 
0.5 (20s 
every 60s) 
below detection 
limit / on order 
of ~0.1 
400.1 192.5 687.7 N/A 
0.1 (10s 
every 60s)* 
below detection 
limit /on order 
of ~0.01 
400.0 192.5 691.8 N/A 
10** 11.5 399.6 192.3 688.2 103.4 
1 1.3 399.5 192.0 686.7 103.0 
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0.72 ±0.10 with ~11.5 at% Si. This trend indicated the Si incorporated into the film 
replaced B atoms. The estimated B:N ratio, including the uncertainty, of films were plotted 
as a function of Si concentration, shown in FIG 7.5. The theoretical lines of B:N ratio for 
c-BN:Si, where Si replaced B, and Si3N4 mixed with c-BN were also included in the plot. 
The RBS measurements indicated c-BN film with various amounts of Si 
incorporation were ~70 nm thick after 3h of deposition. For the surface segregation test, 
the film thickness was estimated to be ~93 nm after deposition for 3h 45 min. 
7.4.2 UPS Results 
UPS measurements were performed on films with various amounts of Si 
incorporation. The UPS spectra of c-BN prepared with 4.9 at.% Si was recorded when the 
sample was heated to 480ºC (FIG 7.6). The measured work function was 4.7±0.1 eV and 
the Fermi level was measured to be 1.6±0.1 eV above the VBM. Summing both values 
FIG 7.5 The estimated B:N ratio plotted against Si concentration in deposited c-BN films. The 
theoretical B:N ratio of c-BN:Si, assuming Si replaced B in the film, is plotted as a solid line. 
The theoretical B:N ratio of Si3N4 mixed with c-BN is plotted as a dash-dot line.  
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yields 6.3±0.1 eV, which is within the reported bandgap range of c-BN. In our previous 
study [3], the presence of an NEA surface was indicated when the work function and the 
difference between the Fermi level and the VBM summed to the bandgap of c-BN. Thus, 
the presence of an NEA surface was indicated for the c-BN film containing 4.9 at.% Si. 
For measurements performed on the other films heated between 400ºC-480ºC, including 
c-BN without Si, photo-induced charging effects were observed. Charging effects 
compressed the spectral width and shifted the high- and low-energy cutoffs to higher 
binding energy. Therefore, the measured work functions were artificially lower and the 
measured positions the Fermi level relative to the VBM were artificially higher. 
FIG 7.6 UPS spectra c-BN containing 4.9 at.%. The spectra was recorded when the sample 
was heated to 480ºC. The work function was measured to be 4.7±0.1 eV and the Fermi level 
was measured to be 1.6±0.1 eV above the valence band maximum (VBM). 
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7.5 Discussion 
7.5.1 Silicon Incorporation 
The XPS measurements investigating Si surface segregation did not detect Si after 
an undoped BN layer was deposited on top of the BN:Si layer. This indicated that Si surface 
segregation was not a significant processes, and suggested that pulsing the Si precursor 
may have resulted in alternating layers of c-BN and c-BN:Si. The XPS results indicated 
the cubic structure of BN was retained for Si concentrations of 4.9 at.% and below, but at 
higher concentrations the presence of h-BN was detected. The presence of h-BN for various 
Si concentrations was consistent with a previous study, which reported the formation of h-
BN for 5.6 at.% Si while c-BN growth was dominant for Si concentrations < 3.3 at.% [9]. 
 When films were deposited with 10 sccm of silane/He was pulsed for 10 s every 60 
s, h-BN was detected. Compared to deposition with 10 sccm of continued silane/He flow, 
the amount of Si incorporated decreased by approximately an order of magnitude when the 
precursor was pulsed. However, the amount of silane pulsed into chamber was sufficient 
to disrupt c-BN growth. On the other hand, c-BN was obtained after pulsing silane/He with 
flow rates < 1 sccm, indicating that pulsing alone does not disrupt growth of c-BN. This 
suggested that deposition conditions, specifically the amount of Si precursor pulsed and 
the pulse time, define the shift from continued c-BN growth to the onset of h-BN growth. 
 We consider now the bonding configuration of the Si. However, the position of the 
Si 2p peak could not be used to identify if Si was bonded to B or N because the Si-B and 
Si-N peaks have been reported to be positioned at 102.0 eV [13,14]. It is not clear why the 
Si 2p peak was positioned at ~103 eV or why it did not shift accordingly with the N, B, 
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and F 1s peaks. Also, Si-B and Si-N peaks were not evident in B or N 1s spectra. The 
signals may have been too weak to identify in the spectra. Instead, the relative elemental 
concentrations estimated from XPS (Table 7.3) indicated that the decrease of the amount 
of B was similar to the amount that the Si concentration increased. On the other hand, the 
N content remained essentially unchanged. This suggested that Si was bonded to N in the 
film, which is the chemical substitution anticipated to realize n-type doping. The estimated 
elemental concentrations of films could not distinguish if Si incorporation resulted in c-
BN:Si films or films with a  mix of c-BN and Si3N4. The presence of F was attributed to F-
termination of B surface sites, based on the F 1s peak position. In our previous study, RBS 
and FTIR measurements did not detect the presence of F in the bulk [3]. 
7.5.2 Investigating Si-doping of c-BN 
The reported electrical measurements of Si-doped c-BN exhibited a distinct change 
in the activation energy of carriers above 250ºC, which was attributed to band conduction 
[8,12]. Thus, it is reasonable to anticipate band conduction to have occurred when the 
samples were heated to 400ºC and above. However, UPS measurements were unable to 
confirm n-type character of c-BN:Si films. In regards to the observed photo-induced 
charging of films, n-type doping is thought to reduce photo-induced charging by electrical 
conduction. The observations suggests n-type doping was not achieved. 
 There are several possibilities which could explain the UPS results, namely Fermi 
level pinning, H compensation of donors, and silicon nitride formation. Fermi level pinning 
due to surface states would have obscured a lower work function due to n-type doping, 
independent of dopant concentration. The position of the VBM would have also remain 
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relatively constant. However, photo-induced charging made it difficult to determine if the 
position of the VBM was constant for all samples. Utilizing SiH4 made it possible for SiH 
to be incorporated into the film. The bonded H atom would have compensated the donor 
electron, nullifying the effect of n-type doping. This possibility is further supported by a 
study that reported Si-doped c-BN deposited via PECVD using SiF4 as the Si precursor 
[11], but activation energies were not reported.   
The n-type doping may not be realized if Si incorporation into c-BN films resulted 
in the formation of silicon nitride clusters instead of the appropriate substitution of B atoms 
in the c-BN lattice. In further support of this possibility, the estimated elemental 
concentrations from XPS measurements of c-BN:Si films suggested Si was bonded to N. 
Silicon nitride formation may be a consequence of CVD based methods, which rely on 
surface chemical reactions to deposit material. This may explain why studies that utilized 
different incorporation methods observed n-type doping. Also, silicon nitride formation 
may indicate a problem when incorporating an impurity during deposition can form a 
separate compound with a particular element in the deposited material. 
7.6 Conclusion 
In conclusion, various concentrations of Si were incorporated into c-BN films 
during deposition. XPS results did not detect Si surface segregation. Concentrations of 
silicon were as large as 11.5 at.%. The cubic phase was found to be disrupted with 11.5 
at.% Si. The relative elemental composition probed by XPS indicated that the majority of 
Si was bonded to N. UPS measurements were unable to confirm n-type character of c-BN 
films containing various amounts of Si. Fermi level pinning, H compensation, and silicon 
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nitride formation could explain why c-BN:Si films did not exhibit n-type character. The 
formation of silicon nitride could identify an issue with incorporating Si into c-BN films 
during deposition. This could suggest that ion implantation of Si into c-BN films may be 
preferred to CVD based methods to realize n-type doping. Further study could be 
performed on c-BN:Si films deposited with SiF4 as the Si precursor to determine if the 
choice of Si precursor impacts the properties of films. 
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 ON THE BAND OFFSETS OF EPITAXIAL CUBIC BORON NITRIDE 
DEPOSITED ON POLYCRYSTALLINE DIAMOND VIA PLASMA ENHANCED 
CHEMICAL VAPOR DEPOSITION 
8.1 Abstract 
Cubic boron nitride (c-BN) was deposited on N-doped polycrystalline diamond films via 
plasma enhanced chemical vapor deposition employing fluorine chemistry. X-ray 
photoelectron spectroscopy (XPS) and transmission electron microscopy (TEM) were 
utilized to characterize the c-BN/diamond interface. TEM measurements indicated local 
epitaxy of c-BN on diamond, while h-BN was also observed at the interface. XPS 
measurements indicated c-BN growth continued after nucleation. The band offsets between 
c-BN and diamond were deduced from XPS measurements, and the results indicate that 
the c-BN valence band maximum (VBM) was positioned 0.8 ± 0.1 eV above the diamond 
VBM. This corresponds to the c-BN conduction band minimum (CBM) being positioned 
1.7 ± 0.1 eV above the diamond CBM. Comparison with offsets predicted by theoretical 
calculations suggest a C-N interface was obtained. 
8.2 Introduction 
Cubic boron nitride (c-BN) is a material similar to diamond, with sp3 hybridized 
bonds, a lattice constant of 3.6 Å [1], a large thermal conductivity of 13 W/cm K [2], and 
a large bandgap reported to be from 6.1-6.4 eV [3]. As with diamond [4,5], p-type and n-
type doping of c-BN has been reported [6,7]. The large bandgap would enable a c-BN 
based device to block larger voltages compared to GaN (Eg= 3.4 eV [8]) and SiC (Eg= 3.3 
eV [8]) based devices. The large thermal conductivity would allow for more effective 
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cooling solutions to be engineered compared to GaN (k = 2.3 W/cm K [8]) and SiC (k = 
4.5 W/cm K [8]) based devices.  
Additionally, the high thermal conductivity and compatibility with GaN may draw 
interest to utilize the thermal properties of c-BN with GaN based devices. These properties 
could make c-BN an attractive candidate for applications in power electronic devices. 
While large single crystals of c-BN have not been demonstrated, there have been recent 
reports of relatively large diamond substrates (10 mm × 10 mm) [9], and epitaxy between 
c-BN and diamond has been reported [10]. Epitaxy enables the possibility of c-
BN/diamond heterostructures which may be suitable for electronic applications. Potential 
applications will depend on the band alignment at the c-BN/diamond interface. 
Epitaxial growth of c-BN on diamond has been reported on single crystal diamond 
via physical vapor deposition (PVD) [10], and on polycrystalline diamond via plasma 
enhanced chemical vapor deposition (PECVD) employing fluorine chemistry [11]. In the 
study that reported epitaxy via PECVD [11], local epitaxy of c-BN was shown to occur on 
diamond with transmission electron microscopy (TEM), while sp2 BN was reported to have 
formed at several areas of the interface with diamond. The fraction of sp2 BN content and 
the band offsets were not reported. 
Several theoretical studies investigated the band offsets of the (110) and (100) 
interface [12,13]. For the (110) interface, the diamond valence band maximum (VBM) was 
reported to be positioned above the c-BN VBM by ≥ 1 eV in these studies. In the case of 
the (100) interface, the C-B and C-N interfaces were reported to result in different band 
offsets [14]. The theoretical analysis indicated the C-N interface would result in the c-BN 
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VBM positioned ~0.1 eV above the diamond VBM, and the C-B interface would result in 
the diamond VBM positioned ~2.0 eV above the c-BN VBM. A goal of this study is to 
deduce the band offsets using in situ x-ray photoelectron spectroscopy measurements 
(XPS) and infer possible bonding configurations through comparison with theoretical 
studies. 
In this study, c-BN films were deposited via PECVD employing F chemistry on N-
doped polycrystalline diamond. Cross section TEM was used to establish epitaxy and the 
epitaxial relationship between the deposited c-BN and diamond substrate. In situ XPS was 
utilized to characterize the c-BN films and determine the band offsets at the c-BN/diamond 
interface. 
8.3 Experiment 
Cubic BN films were deposited on ~1 μm thick N-doped polycrystalline diamond 
films. The polycrystalline diamond films were deposited on 25.4 mm diameter, P-doped 
(100) Si wafers via microwave plasma CVD. In situ cleaning of the diamond films and 
deposition of c-BN films were performed using an electron cyclotron resonance microwave 
plasma CVD (ECR MPCVD) system. The apparatus has been described in detail elsewhere 
[15]. Diamond films were cleaned using an H2 plasma prior to c-BN deposition. The films 
were heated to 600ºC and the plasma cleaning used 20 sccm of H2, 2.5 sccm of Ar, and 300 
W of microwave power. After a 30 min plasma treatment, the diamond films were cooled 
to 350ºC in the plasma to create an H-terminated surface. The plasma was turned off once 
the films reached 350ºC. Then the films were exposed to 20 sccm of H2 gas for 5 minutes 
while cooling to room temperature. The cleaned diamond films were heated to 850ºC for 
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c-BN deposition, which was performed using 35 sccm of He, 2.5 sccm of Ar, 12.5 sccm of 
N2, 2 sccm of H2, and 1 sccm of BF3. A bias of -60 V was applied to the substrate during 
deposition, which was performed at 0.1 mTorr with 1.4 kW of microwave power for a total 
of 10 min, 30 min, and 105 min for each sample. In situ XPS measurements performed 
after each deposition. 
The binding energies of the core level peaks and the VBM were measured by in 
situ XPS for the plasma cleaned diamond substrates and the c-BN films. The band offsets 
were deduced from the XPS measurements. Also, XPS was used to identify the presence 
of sp2 bonded BN. The XPS measurements were performed using a VG Scienta XPS 
system operated with a monochromatic Al source (hv = 1486.6 eV). A high resolution VG 
Scienta R3000 spectrometer was used to collect emitted electrons with a resolution of ±0.1 
eV. The chamber pressure was maintained at 2×10-8 Torr during measurements.  
TEM was performed using an FEI Titan 300/80 aberration-corrected transmission 
electron microscope. 
8.4 Results 
The B 1s spectra for plasma cleaned diamond, and for 10 min, 30 min, and 105 min 
c-BN depositions are shown in FIG 8.1. Boron was not evident on plasma cleaned diamond, 
but was detected after 10 min of deposition. Detection of the π-plasmon associated with 
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the B 1s peak was used to indicate the presence of h-BN. A π-plasmon peak was evident 
following the 10 min deposition, and the ratio of the integrated intensity of the π-plasmon 
and 1s core level peak was 0.075 ± 0.011. The area of the peaks were estimated from 
Gaussian curve fitting, with an error of 10%. Following 30 min of deposition, the π-
plasmon decreased in intensity and the π-plasmon:B 1s ratio was 0.013 ± 0.002. After a 
total of 1h 45min, the π-plasmon was not evident in the B 1s spectrum. In our previous 
study, a B and N 1s spectra without an evident π-plasmon was associated with the presence 
of c-BN [15]. Therefore, a decrease of the π-plasmon:B 1s ratio indicates an increase of 
the c-BN content in the probed region of the film. 
The fraction of h-BN and c-BN was estimated using the π-plasmon:B 1s ratio. A 
reference film was prepared containing h-BN without evidence of c-BN in Fourier 
transform infrared spectroscopy measurements, which had a π-plasmon:B 1s of 0.122 ± 
FIG 8.1 The B 1s spectra for (a) H2 plasma cleaned diamond, (b) 10 min of c-BN deposition, (b) 
30 min of c-BN deposition, and (d) 1h 45 min of c-BN deposition. Insert: A focused region of 
the B 1s spectra where the π-plasmon is positioned. 
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0.018. The fraction of h-BN in 10 min deposited films was estimated to be 61% ± 13%, 
hence the c-BN was estimated to be 39% ± 13%. After 30 min of deposition, the h-BN 
content was estimate to be 11% ± 2% and the c-BN content to be 89% ± 2%. For the case 
of the 105 min deposited film where the π-plasmon was not evident, the c-BN content was 
estimated to be ~100%. 
 A cross section TEM image of a BN film deposited for 30 min is shown in FIG 8.2. 
The sample was tilted such that (111) planes were parallel to the electron beam. The (111) 
planes of the polycrystalline diamond substrate wa evident in the image. For the deposited 
BN layer, the image shows what appears to be sp2 basal planes, indicating the presence of 
h-BN, and what appears to be (111) planes of c-BN located at the interface with diamond. 
The c-BN planes were oriented parallel to the (111) diamond planes. Fourier analysis of 
FIG 8.2 A cross-section TEM image of c-BN deposited for 30 min on polycrystalline diamond. 
Fourier analysis showing the crystal structure of diamond and c-BN regions are shown separately 
and then superimposed on top of each other. In the combined Fourier analysis image, the diamond 
structure is red and the c-BN structure is green (color online). 
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selected diamond and c-BN regions, shown in FIG 8.2, indicated both regions had identical 
crystal structure. This indicates epitaxy of c-BN on the diamond substrate. The BN film 
was measured to be ~13 nm thick. Thus, the growth rate was estimated to be ~4.3 Å/min. 
The method of Waldrop, Grant, and Kraut [16] was used to deduce the valence band 
offsets (VBO). This requires determination of the difference between the core level and 
VBM (ECL – EVBM) for each material, and the core level positions of each material at the 
interface. The difference between the C 1s core level and the diamond VBM positions was 
determined from the XPS spectra of plasma cleaned diamond, shown in (FIG 8.3a). The C 
1s core level was positioned at 285.7± 0.1 eV while the VBM was positioned at 2.4 ± 0.1 
FIG 8.3 The N 1s, C1s, B 1s, and valence band maximum (VBM) XPS spectra of (a) H2 plasma 
cleaned diamond, (b) c-BN after 30 min of deposition, and (c) c-BN after 1h 45 min of deposition. 
Some spectra have had their intensity scaled up and are marked by the scaling factor. The core 
level peaks and VBM in (a) and (c) are shifted to align with the positions of the core levels with 
(b). The dashed lines mark the positions of the VBM. 
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eV below the Fermi level, and ECL – EVBM = 283.3 ± 0.1 eV. The XPS spectra of 105 min 
deposited c-BN, shown in (FIG 8.3c), were used to determine ECL – EVBM for the N 1s and 
the B 1s core levels. For 105 min deposited c-BN, the N 1s and B 1s core levels were 
positioned at 398.8 ± 0.1 eV and 191.0 ± 0.1 eV, respectively. The VBM of c-BN was 
positioned at 2.0 ± 0.1 eV below the Fermi level, thus ECL – EVBM = 396.8 ± 0.1 eV and 
ECL – EVBM = 189.0 ± 0.1 eV for the N 1s and B 1s core levels, respectively. 
The VBO at the interface was deduced by subtracting ECL – EVBM of each material 
from the measured positions of the C 1s, N 1s, and B 1s core levels from the XPS spectra 
of a 30 min deposited c-BN film (FIG 8.3b).  For the c-BN/diamond structure, the C 1s, N 
1s, and B 1s core levels were positioned at 285.8 ± 0.1 eV, 398.5 ± 0.1 eV, and 190.7 ± 0.1 
eV, respectively. The diamond VBM was deduced to be positioned 2.5 ± 0.1 eV below the 
Fermi level. Using both the N and B 1s core level positions, the c-BN VBM was deduced 
to be positioned 1.7 ± 0.1 eV below the Fermi level. The band offsets, shown in FIG 8.4, 
were such that c-BN VBM was positioned 0.8 ± 0.1 eV above the diamond VBM, and c-
FIG 8.4 The band offsets between c-BN and 
diamond deduced by XPS measurements after 
30 min of c-BN deposition. 
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BN CBM was positioned 1.7 ± 0.1 eV above the diamond CBM. The bandgap of c-BN was 
assumed to be 6.4 eV.  
For a different 30 min deposited film, the C 1s, N 1s, and B 1s core levels 285.4 ± 
0.1 eV, 398.0 ± 0.1 eV, and 190.3 ± 0.1 eV, respectively. Using the B 1s core level to 
determine the VBO indicates the c-BN VBM to be positioned 0.8 ± 0.1 eV above the 
diamond VBM, thus the c-BN CBM was positioned at 1.7 ± 0.1 eV above the diamond 
VBM. Alternatively, the VBO determined using the N 1s core level indicates the c-BN 
VBM was positioned at 0.9 ± 0.1 eV above the diamond VBM, with the c-BN CBM 
positioned at 1.8 ± 0.1 eV above the diamond CBM.  
8.5 Discussion 
Based on the cross section TEM and Fourier analysis of the image, local epitaxial 
growth of (100) c-BN on (100) diamond was evident. The decreasing intensity of the π-
plasmon in the B 1s spectra as the deposition continued suggests that epitaxial growth of 
c-BN dominated h-BN growth. The h-BN content estimated from the π-plasmon:B 1s ratio 
was calibrated using an h-BN surface and a c-BN surface. The BN film was determined to 
be ~4.3 nm thick after 10 min of deposition from TEM. The fraction of h-BN present in 
the film after 10 min was estimated to be 68% ± 13%, which corresponds to an h-BN layer 
~2.6 nm thick. This is consistent with the TEM measurements, which indicate a non-
uniform h-BN layer ~2-3 nm thick at the interface. The presence of h-BN at the interface 
was consistent with a previous report of c-BN growth on polycrystalline diamond [11]. 
The band offsets determined by XPS were compared to the reported theoretical 
band offsets. The c-BN VBM was deduced to be 0.8 eV above the diamond VBM. In 
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contrast the theoretical offsets reported the diamond VBM was positioned at least 1 eV 
above the c-BN VBM for the (110) interface [12,13] and a C-B (100) interface [14]. These 
values would correspond to the CBM of diamond positioned above the CBM of c-BN. 
However, the determined offsets are similar to the band offsets reported for the C-N (100) 
interface, where the diamond VBM was positioned 0.1 eV above the c-BN VBM and the 
c-BN CBM was positioned 0.8 eV above the diamond CBM [14]. The comparison suggests 
a C-N interface formed during deposition. However, it was not clear how or if the N-doping 
(n-type) of diamond layer impacted the band offsets. Measuring the band offsets of c-BN 
on B-doped (p-type) polycrystalline diamond could lend further understanding of how 
dopants impact the band offsets. 
The presence of a C-N interface differs from a TEM study by Chen et al. [17], 
where a C-B (111) interface was deduced for heterostructures prepared by high pressure 
high temperature synthesis. Also, a theoretical study modeling migration-enhanced epitaxy 
(MEE), a molecular beam epitaxy technique, of c-BN growth on diamond indicated a B 
layer deposited on diamond would be stable, whereas a N layer deposited on diamond 
tended to result in N2 desorption of N addimers [18]. For ECR plasma CVD of c-BN, it 
was proposed that N surface sites are terminated by H during deposition [19]. The H-
termination could have stabilized the deposited N layer against N2 desorption, which could 
enable a C-N interface to form during deposition of c-BN. 
8.6 Conclusion 
In summary, epitaxial growth of c-BN was achieved on polycrystalline diamond. 
XPS and TEM results indicated that h-BN regions formed at the interface, but c-BN growth 
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dominated after deposition of several nanometers of BN. The band offsets were determined 
from XPS, and indicated both the CBM and VBM of c-BN were positioned above the CBM 
and VBM of diamond, respectively. Comparison with theoretical models suggests a C-N 
interface formed. Further study of the band offsets of epitaxial c-BN deposited on single 
crystal diamond, both (100) and (111) orientations, will provide insight on the potential of 
c-BN/diamond heterojunctions for electronic applications. 
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 CONCLUSIONS AND FUTURE WORK 
9.1 Summary of Work 
The research presented in this dissertation focused on using in situ photoelectron 
spectroscopy (PES) to characterize the interfaces of cubic boron nitride (c-BN) films 
deposited by plasma enhanced chemical vapor deposition (PECVD) employing  fluorine 
chemistry. The results can be summarized in three separate categories: 
 As-deposited c-BN films exhibited negative electron affinity (NEA) surfaces, 
indicated by ultraviolet PES (UPS) measurements. Following H2 plasma treatment, UPS 
measurements indicated the NEA surface was retained. UPS measurements indicated the 
H2 plasma treated NEA surface was stable to 800ºC. A dipole model attributed the presence 
of NEA surfaces to N-H surface bonds. In addition to characterizing the electron affinity 
of the c-BN surface, x-ray PES (XPS) was used to determine the range of the applied bias 
that resulted in continued growth of c-BN. It was determined that a bias below -42 V 
resulted in h-BN formation, while etching was observed with a bias of -125 V or greater. 
 Cubic BN films containing Si, which has been reported to be an n-type dopant [1], 
were investigated with XPS and UPS. Silicon was incorporated into films during deposition 
by introducing 1% SiH4 (silane)/ 99% He into the PECVD reactor. The XPS measurements 
indicated the cubic structure of BN was retained for Si concentrations ≤ 4.9 at.%, and the 
presence of hexagonal boron nitride (h-BN) was detected when the films contained 11.5 
at.% Si. Additionally, the measurements indicated Si was incorporated into films and did 
not segregate to the surface of films. The stoichiometry determined by XPS indicated Si 
replaced B in films while the N content remained essentially unchanged. The UPS 
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measurements performed on c-BN:Si films were unable to confirm n-type character. While 
H compensation of donors and Fermi level pinning were considered, it was concluded that 
silicon nitride formation was likely the primary mechanism that caused the lack of n-type 
character. 
 The interface between c-BN and diamond was investigated using XPS and 
transmission electron microscopy (TEM). Cubic BN films were deposited on ~1 um thick, 
N-doped polycrystalline diamond films (deposited by plasma CVD) on 25.4 mm diameter, 
P-doped (100) silicon wafers. XPS measurements indicated some h-BN grew at the 
interface, but c-BN growth was dominant after several nanometers of BN was deposited. 
Cross-section TEM was performed on a film after a 30 min deposition, and revealed the 
film to be ~13 nm thick. It was apparent in the TEM image that local epitaxy of c-BN 
occurred on the diamond, as the <111> planes of c-BN and diamond were parallel. Also, 
the TEM image showed h-BN regions, ~2-3 nm thick, formed at several locations at the 
diamond interface. The band offsets between c-BN and diamond were deduced from XPS 
measurements. The c-BN valence band maximum (VBM) was positioned 0.8±0.1 eV 
above the VBM of diamond. The bandgap of c-BN was assumed to be 6.4 eV [2]. Thus, 
the conduction band minimum (CBM) of c-BN was positioned 1.7±0.1 eV above the CBM 
of diamond. 
9.2 Outline of Future Work 
Incorporating Si during deposition of c-BN using PECVD did not result in n-type 
doped films. This effect can pose a potential problem when trying to deposit doped, 
epitaxial c-BN on diamond. Therefore, an alternative method to dope c-BN films should 
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be considered. Ion implantation may be preferred because the dopant concentration and 
implantation depth can be specified. Characterizing doped c-BN films with PES is a critical 
goal of future work. Measuring the work functions of doped c-BN films will complement 
the reported properties of doped c-BN. Also, measuring thermionic emission from n-type 
c-BN films can provide insight on the mechanism of electron emission. 
The interface of c-BN grown on polycrystalline diamond was characterized by XPS 
and TEM. The next step for this line of research is to characterize the interfaces of epitaxial 
c-BN grown on (100) and (111) orientations of single crystal diamond. The band offsets of 
epitaxial c-BN grown on single crystal diamond can be deduced by XPS measurements. 
Comparing deduced band offsets to the reported theoretical calculations of the (100) 
interface [3] can indicate the chemical composition of the interface. Additionally, 
theoretical calculations of the (111) c-BN/diamond interface are needed to provide a 
similar insight of the experimentally deduced band offsets. 
In the presented work of c-BN grown on N-doped (n-type) polycrystalline diamond. 
It was not clear how the N-doping impacted the band offsets. Utilizing XPS to characterize 
the interface of c-BN on both p- and n-type diamond can determine how the doping of the 
substrate impacts the band offsets. Also, p-n, n-p, p-p, and n-n c-BN/diamond 
heterojunctions can be realized if epitaxial c-BN films can be doped. XPS can be utilized 
to deduce the band offsets and measure the band bending at the interface. The space charge 
distribution and the depletion layer width can also be estimated from XPS measurements. 
Additionally, XPS measurements can indicate if an inversion or accumulation layer forms 
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at the interface. A 2D electron gas or 2D hole gas would form at the interface in the 
presence of an inversion layer or accumulation layer, respectively. 
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